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Abstract
Currently available epithermal neutron beams at MIT are not sufficiently intense
to meet the anticipated demand for Boron Neutron Capture Therapy (BNCT) treatments if
clinical trials of BNCT prove successful. Indeed, they are not really adequate for
advanced (Phase III) clinical trials. To fulfill this need, a high intensity, high quality
fission converter-based epithermal neutron beam for BNCT has been designed for the
MITR-II Research Reactor. This epithermal neutron beam, capable of delivering
treatments in a few minutes with negligible background contamination, would be
installed in the present thermal column and hohlraum of the MITR-II.
Neutronic design studies for the beam have been carried out with the Monte Carlo
radiation transport code MCNP. The Monte Carlo model of MITR-II, which had been
extensively benchmarked against in-core experiments and characterization of the existing
medical beam, was further validated as part of this work using gold foil activation
measurements of neutron flux in the area where the fission converter would be installed.
A methodology was developed for efficient and accurate simulation of the fission
converter beam, driven by the MITR-II core, by splitting calculations into stages and by
using energy dependent weight windows to effectively transport all neutron energies
through the beam.
Analysis of more than 500 Monte Carlo simulations has led to an optimized
design for the fission converter beam. The fission converter, an array of 11 spent
MITR-II fuel elements, is contained in a double-walled aluminum tank and is cooled by
either H20 or D20. The neutron beam is filtered by a mixture of 70% AlF 3 & 30% Al,
Ti, Cd, and Bi. A lead-lined pyramidal collimator -1 m long directs the neutron beam
onto the patient or target position.
With the MITR-II reactor core at 5.0 MW the fission converter, comprised of 11
burned MITR-II fuel elements and cooled by D20, produces 78.1 kW fission power,
resulting in an epithermal neutron flux (in air) at the patient position of 1.3 x 1010 n/cm 2s.
In-air fast neutron and photon contamination, with respective specific doses (D/Oepi) of
1.3 x 10-1 cGy cm2/n and 1.2 x 10-11 cGy cm2/n, are negligible compared to the
irreducible background photon dose (-2.0 x 10-10 cGy cm2/n) due to neutron capture by
hydrogen in the patient. If higher beam intensity is desired, using fresh rather than spent
MITR-II fuel increases power to 102.9 kW and increases epithermal flux by -30% to
1.7 x 1010 n/cm2s without affecting the specific doses.
Dose profiles calculated in an ellipsoidal head phantom for unilateral irradiations
using the fission converter beam with reasonable assumptions for boron uptake (40 ppm
in tumor with a 3.5:1 tumor to normal tissue concentration ratio) and RBE's (3.2 for
neutrons, 1.0 for photons, 3.8 for loB in tumor and 1.35 for 10B in normal tissue) are
characterized by an average therapeutic ratio of 4.9, an effective penetration depth of 9.5
cm, and a maximum healthy tissue dose rate of 435 RBE cGy/min. A healthy tissue dose
of 1000 RBE cGy (dose to tolerance) could be delivered in about 2 minutes. Dose
profiles calculated for a bilateral irradiation with the fission converter beam using similar
assumptions of boron uptake and RBE's yield an average therapeutic ratio of 4.7; with
zero boron in normal tissue, the ratio is 8.0.
The high dose rate, high therapeutic ratio, and deep effective penetration make the
fission converter-based epithermal neutron beam designed in this study suitable for
routine clinical use in a high throughput patient treatment facility and equally well suited
for advanced clinical trials as well as for a wide range of neutron capture research studies.
The superior performance of this beam represents a major improvement over existing and
most planned epithermal neutron beams.
The fission converter approach is applicable to reactors with wide area thermal
beams; in the U.S. alone there are more than 15 research reactors suitable for
implementation of similar designs.
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Preface
A few notes regarding the presentation of data in this thesis may enhance the
reader's understanding. First, unless explicit indications to the contrary are given, all
Monte Carlo simulations of the fission converter beam or MITR-II reactor presented in
this thesis are normalized to 5.0 MW reactor core power. In addition, it is assumed that
during the installation of the fission converter beam the contents of the 14 inch window
through the graphite reflector will be removed (see section 3.2.1.1). Hence, all
simulations of the fission converter beam are made with the 14 inch window empty;
otherwise the thermal neutron flux incident on the fission converter and the intensity of
the resulting beam would be reduced by a factor of -2.
In tables of Monte Carlo results presented in this thesis, the statistical uncertainty
(one standard deviation) of the results are listed as a percentage of the quantity on the row
immediately below the value in the table. The uncertainties are given as a percentages so
that they are not easily confused with the values themselves. Likewise, all error bars in
graphs represent one standard deviation of statistical uncertainty.

CHAPTER ONE
Introduction
1.0 Background
Boron Neutron Capture Therapy (BNCT) is a radiation therapy modality that has
the potential to selectively treat cancers embedded in healthy tissue. This binary therapy,
suggested only 4 years after the discovery of the neutron in 1932,1 has two components:
(1) localization of the stable isotope 10B in tumor tissue in high concentration relative to
healthy tissue and (2) irradiation of the tumor region with neutrons. The treatment is
accomplished as follows. In BNCT, a tumor seeking drug tagged with 10B is
administered to a patient. Because the drug is preferentially absorbed by tumor cells,
tumor tissue is loaded with a higher concentration of 10B than healthy tissue, typically by
a ratio of approximately 3 or 4:1 for a boron delivery agent such as boronophenylalanine
(BPA).2 After the tumor cells have been sufficiently loaded with 10B (typically to 10 to
20 ppm or higher3), the tumor is irradiated with neutrons from a nuclear reactor or, in the
future, perhaps with neutrons from an accelerator source.
Despite the relatively low concentration of B10 compared to isotopes occurring
naturally in human tissue, the 10B(n,a)7 Li reaction rate is not insignificant due to its large
thermal cross section of 3837 barns. In fact, because of the large cross section and large
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energy release, the boron dose often dominates other dose components. When a 10B
nucleus captures a thermal neutron, it forms an excited state of 11B which immediately
fissions into a 7Li nucleus and an alpha particle with a total energy release of 2.79 MeV.
As Figure 1 illustrates, with a 94% probability the I1B nucleus decays to an excited state
of 7Li with a Q value of 2.31 MeV, which is followed by the release of a 478 keV gamma
ray. In the other 6% of reactions, the 11B nucleus decays directly to the ground state of
Li with a Q value of 2.79 MeV.4
0.478 MeV y
T1/2~10-13 s
Figure 1.1 Energy level diagram for the 10B(n,a)7Li reaction
For both reaction branches, the recoiling reaction products are highly ionizing
with initial LET values in tissue of 200 to 300 keV/pm and thus have very short ranges (7
pm for the alpha particle and 4 gm for the 7Li nucleus). Since the combined recoil
particle ranges are comparable to the diameters of most mammalian cells, the B10 dose is
confined to the cell of the original 1oB atom or its immediate neighbors. Thus the dose
resulting from the 10B(n,a)7Li reaction is highly localized to the 10B distribution and since
the tumor tissue has a much higher concentration of 10B, it will receive a much higher
dose than healthy tissue.3
Chapter 1: Introduction
In treating a cancer, one desires to maximize the therapeutic ratio, the ratio of the
tumor dose to healthy tissue dose, to increase the chances that the tumor is killed and that
surrounding healthy tissue is spared. In BNCT, this goal can be achieved by using drugs
which are more strongly absorbed by tumors to maximize the difference in tumor and
healthy tissue 10B concentration. Also, minimizing non-selective dose components such
as the fast neutron dose and incident gamma dose will reduce the dose to healthy tissue.
In initial clinical trials of BNCT in the 1950's at the Massachusetts Institute of
Technology (MIT) and at Brookhaven National Laboratory (BNL), thermal neutron
beams were used. 5 However, epithermal neutron beams are used in clinical trials of
BNCT now because they have greater penetrability and can thus treat deep seated brain
tumors without cranial reflection. For a uniform 1'B distribution with thermal neutron
beams, the 10B dose profile peaks at the surface of the tissue and decays away with
distance into the tissue because the 10B dose, with its 1/v cross section, follows the
thermal neutron flux, which is attenuated by the hydrogenous tissue. Epithermal beams,
however, have '1B dose profiles that peak a few centimeters into the tissue for a uniform
10 B distribution because the beam is thermalized by the hydrogenous tissue. Figure 1.2
illustrates this behavior with flux measurements from a recent characterization of the MIT
M67 beam. Fast neutron beams have good penetrability as well, but they are not suitable
for BNCT treatments of deep-seated tumors because of the large surface dose.
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Figure 1.2 Typical neutron flux profiles from an epithermal neutron beam. Data are
from the January 1995 characterization of MIT M67 beam.6
Analysis of neutron beam performance is facilitated by resolving the dose into
components arising from the different radiations, e.g., the '0B dose, thermal neutron dose,
fast neutron dose, incident photon dose, and induced photon dose. As discussed above,
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the 10B dose, from the '0 B(n,a)7Li reaction recoil products, is localized to the 10B
distribution. The thermal neutron dose is primarily due to nitrogen capture, i.e., the
14N(n,p)14 C reaction. For an epithermal neutron beam, the thermal neutron dose peaks 2-
3 cm deep into tissue due to thermalization of epithermal neutrons. The mechanism for
the fast neutron dose, which decays with depth, is principally proton recoil, i.e.,
'H(n,n')'H. The incident photon dose is due to photons produced in the beam structure
whereas the induced photon dose is from photons produced in the target, primarily from
1H(n,y)2 H thermal neutron capture which yields a 2.2 MeV photon. The shape of the
induced photon dose is similar to that of the thermal flux, but is more spread out due to
photon transport. Figure 1.3 shows the measured dose profiles from a recent
characterization of the MIT M67 beam as an example.
The nonselective dose components (i.e., those that do not arise from the tumor-
targeting agent) are undesirable since they do not differentiate between healthy tissue and
tumor tissue. Of these nonselective dose components, only the fast neutron and incident
photon doses are not induced by thermal flux on the target tissue, which also determines
the selective '1 B dose. Hence, reducing the fast neutron and incident photon dose
components will improve the therapeutic ratio, while reducing the other nonselective
components, which arise from thermal neutron interactions, only degrades beam
performance because the selective 10B dose is also reduced.
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Figure 1.3 Typical dose profiles from an epithermal neutron beam. Data are from the
January 1995 characterization of MIT M67 beam assuming 30 ppm 10B in
tumor with a 3:1 uptake ratio and RBE's of 4.0 for 10B and neutrons and
0.5 for photons.6
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By using suitable filtering materials, a neutron beam can be tailored to the desired
epithermal spectrum with low contamination of fast neutrons and photons. The filter
material should act as a band-pass filter, removing fast and thermal neutrons from the
beam while allowing intermediate energy epithermal neutrons to pass through. Good
filtration can be achieved with resonance scattering materials, whose cross sections have
large scattering resonances in the fast energy range, 1/v behavior in the thermal region,
and a relatively low, flat cross section at epithermal energies which effects a window for
epithermal neutrons. Thus, resonance scattering materials such as Al, S, A12 03 , AlF3, and
Ti can be used to filter and moderate fast neutron spectra down in energy to epithermal
spectra. Figure 1.4 shows the microscopic neutron cross sections of 27A, a common filter
material. Undesirably high levels of thermal neutrons in a neutron beam can be reduced
without affecting epithermal neutrons by a thin layer of cadmium, whose very high
thermal neutron cross section drops abruptly at 0.4 eV. Photon contamination in a
neutron beam can be reduced with layers of a high Z material such as lead or bismuth.
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Figure 1.4 Microscopic neutron cross sections for 27 A1 from MCNP (ACE format
library RMCCS) 7.
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1.1 Current Facilities
The three epithermal neutron beams currently in operation are at the MIT
Research Reactor (MITR-II), at the Brookhaven Medical Research Reactor (BMRR) at
Brookhaven National Laboratory, and at the High Flux Reactor (HFR) at Petten in The
Netherlands. The first BNCT treatment with an epithermal neutron beam was performed
at MIT on September 6, 1994. This treatment initiated New England Medical
Center/MIT Phase I clinical trials of BNCT for the treatment of subcutaneous peripheral
melanoma using the current MITR-II medical beam (M67).2 Treatments using the
epithermal beam at BNL were initiated a few days after those at MIT. The European
Collaboration on Neutron Capture Therapy hopes to initiate clinical trials of BNCT at the
HFR in 1996. Table 1.1 compares several measured in-air parameters for these beams,
including the epithermal flux and specific fast neutron and gamma doses. The epithermal
neutron flux relates the intensity of the beam, while the specific doses indicates the
degree of contamination of the beam. Each of these beams has a very different design
and neutron source and hence different performance. The MIT M67 beam is filtered by
D20, aluminum, sulfur, cadmium, and bismuth. The BNL beam is filtered by A120 3, Al,
cadmium, and bismuth,8 while the Petten beam uses a liquid argon filter.9 '10
Each of these beams performs adequately for clinical trials, but if clinical trials of
BNCT prove successful, stronger beams capable of rapidly treating many patients per day
will be necessary to fulfill the demand for BNCT treatments. The time required to give a
complete BNCT treatment (1000 RBE cGy healthy tissue dose) at the MITR-II is about
2.5 hours. Although tranquilizers can alleviate the discomfort, it may be both physically
and psychologically uncomfortable for a patient to be positioned in the beam for long
"XP·*lls~-------~-·*·Il;ll·-P--··i~~
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irradiations. In addition to increasing patient throughput, increased beam intensity would
lessen patient discomfort.
Table 1.1 Comparison of In-Air Figures of Merit for Existing Epithermal Neutron
Beams
Beam Power ,epi D, Dfn/0epi , Dr /pi
MW n/cm2s cGy/min cGy/min cGy cm2/n cGy cm2/n
MIT (M67) 5 2.1E+08 1.1 1.7 8.7E-11 1.3E-10
BMRR12  3 1.8E+09 4.6 1.4 4.3E-11 1.3E-11
Pettenl2 45 3.3E+08 2.1 1.7 1.04E-10 8.4E-11
Although these beams certainly have adequately low contaminant radiation to
provide a therapeutic advantage, lower contamination is desired because the
contamination has a non-negligible effect on in-phantom dose profiles. With the boron
delivery agents and epithermal neutron beams that are currently available, the dose to
healthy tissue from fast neutron and gamma contamination are comparable to that from
the boron background. Since the healthy tissue dose limits the dose that can be delivered
to the tumor, decreasing the adventitious dose components will increase the allowable
tumor dose and increase the therapeutic benefit. Future compounds for neutron capture
therapy may have improved tumor targeting; to take advantage of such improvements,
lower backgrounds of fast neutrons and gamma rays in the treatment beam would be very
desirable.
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1.2 Design Goals
The objective of this thesis is the design of a facility to meet the need for
improved neutron beams: a high intensity, high quality fission converter-based
epithermal neutron beam with patient treatment times of a few minutes and negligible
background contamination located in the current MITR-II thermal column offers promise
for meeting this goal. The conceptual design of this facility will be described in section
1.4. First a number of requirements and design goals for the facility will be discussed.
If the facility is to have any advantage over current epithermal beams, the design
must provide a high intensity beam of epithermal neutrons with low adventitious dose
components. Because even the best materials for filtering fast neutrons and photons from
the beam also remove some epithermal neutrons, a trade-off exists between intensity and
quality. That is, if more filter material is added to a beam, the quality will improve while
the intensity is reduced. Thus, the optimally designed beam should be able to deliver the
required fluence of epithermal neutrons with low contamination in a reasonably short
period of time. Reasonably short is deemed to mean a period of time short compared to
the setup time for a patient. The minimum setup time that could be expected is about 15
minutes. A reasonable period for irradiation is then about 1 or 2 minutes. The epithermal
flux required for this rapid dose delivery is approximately 1010 n/cm2s.
The design goal for limits on the adventitious dose components will be considered
next. As mentioned in section 1.0, since the background boron dose with current
compounds dominates the healthy tissue dose, the adventitious dose components only
need to be smaller than the boron dose. If improved BNCT drugs are developed that have
much higher uptake ratios, say 10:1, the healthy tissue dose will be dominated by the
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adventitious dose components rather than the boron dose. Under those conditions, for the
adventitious dose components to have a negligible impact on the dose profiles and
advantage parameters, they should be small compared to the inherent induced photon
background due to neutron capture in hydrogen. Lowering the contribution from these
nonselective dose components further provides little or no additional benefit because the
healthy tissue dose will change little. To fulfill this requirement, we estimate that the
specific fast neutron and incident photon doses should be lower than 2 x 1011 cGy
cm 2/epi n since the peak dose from the inherent capture gamma ray component is about 2
x 10-10 cGy cm2/epi n. Achieving such low adventitious dose components will result in
excellent therapeutic ratios and other figures of merit such as effective beam penetration.
In addition to these design goals for the epithermal beam, a number of
requirements for the overall facility must be met. The facility should be safe, simple, and
economical to operate. The fission converter should have an effective multiplication keff
much less than unity to preclude the chance of a criticality accident. The fission
converter and its cooling system should maintain fuel integrity under credible scenarios of
operator or equipment failure. The epithermal beam should have a flexible design that is
easy to modify. Materials that have significant long-term activation should be avoided to
reduce the chance of beam degradation, to ease maintenance and modification, and to
facilitate decommissioning. Reference 13 provides a more detailed discussion of these
issues. Engineering design of the facility, which includes thermal hydraulics of the
fission converter, shutter design, and medical room shielding, was initially considered in
the 1994 MIT 22.033/33 Nuclear Engineering Design Course,13 and will be performed in
detail by Balendra Sutharshan, a Ph.D. candidate in the Nuclear Engineering Department.
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1.3 Previous Work
One of the earliest applications of a fission converter, a device composed of
enriched uranium placed in a field of thermal neutrons to provide a source of fast
neutrons via fission, effectively converting the thermal neutron flux into a fast flux, was
by Blizzard at the X-10 reactor at Oak Ridge National Laboratory in 1949 for shielding
studies. 14' 15 Fission converters have since been used for a variety of applications at many
research reactors, including MITR-II. Calculations by Rief were the first to show that a
fission converter driven by a nuclear reactor can provide a very clean and highly intense
beam of epithermal neutrons for neutron capture therapy applications.16 '"7 While this
thesis was in progress, the physics design of a fission converter based beam using fission
plates from the JANUS reactor was completed for the BMRR at BNL.' 8 In addition to
the "hands-on" experience gained here at MIT from the design of the M67 beam and its
predecessors,5'11 a number of design studies for reactor based epithermal neutron beams
provide guidance. Of particular utility are those by Auterinen, who has tested an
extensive set of filter materials for epithermal neutron beams19,20 using the one-
dimensional discrete ordinates transport code ANISN 2 1 and a limited subset with the three
dimensional discrete ordinates transport code TORT. 22
1.4 Conceptual Design
Before considering the conceptual design of the fission converter-based medical
irradiation facility, it is useful to discuss the current design of MITR-II since it is the basis
for all modifications.
li-~·l~·--·CI---··ll---ul···~------
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1.4.1 Present Facility
The MITR-II is a 5 MW (thermal) multipurpose research reactor used for
laboratory classes and diverse research activities including radiochemistry, radiation
therapy, neutron activation analysis, transmutation doping of silicon, water chemistry,
irradiation damage, and reactor engineering. Figure 1.5 shows an isometric view of the
MIT Research Reactor.
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Figure 1.5 Isometric View of MITR-II showing Major Components and Experimental
Facilities
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1.4.1.1 Reactor
The fuel elements are highly enriched (93%) 235U plate type. 23 The compact core
is light water cooled and moderated and heavy water reflected with a graphite reflector
surrounding the D20 tank. The rhombic fuel elements are grouped in three concentric
rings which form a hexagon. The reactor is usually loaded with 24 elements leaving 3
spaces open for experiments or dummy elements. Six boron steel shim blades on the
outside of the hexagonal core and a cadmium regulating rod control reactor power. Since
the control blades are raised from the fully-inserted position to insert reactivity, the
thermal flux peaks below the core in the D20 reflector tank at about the height of the 11
tangential horizontal beam ports. Burnup is also peaked at the bottom of the core so that
fuel elements are often inverted and rotated in fuel management to equalize axial burnup.
The horizontal cross section of the core in Figure 1.6 and vertical cross section of the
reactor in Figure 1.7 illustrate many of these structures.
A large number of in- and ex-core facilities are available for irradiations including
horizontal beam ports, through ports, pneumatic facilities, various thimbles, and the
thermal column and hohlraum, which has a blanket test facility. The latter will be
discussed in section 1.4.1.3. Attached to the bottom of the D20 reflector tank is a blister
tank which can be drained along with the H20 shutter tank below it to increase the
neutron flux to the current medical beam which exits in the shielded medical irradiation
room below the core. The horizontal cross section of MITR-II shown in Figure 1.8
depicts many of the available irradiation facilities, including the thermal column and
hohlraum.
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The graphite reflector is surrounded by a thermal shield composed of layers of
boral, steel, lead embedded with cooling coils, and stainless steel. A high density
concrete biological shield about 1.7 m (5.5 ft) thick protects personnel working around
the reactor from high levels of radiation.
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Figure 1.6 Cross Section of MITR-II Core. (Courtesy of E.L. Redmond II)
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Vertical Cross Section of MITR-II
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Figure 1.8 Horizontal Cross Section of MITR-II. (Courtesy of T. Date)
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1.4.1.2 Fuel
Each fuel element is composed of 15 finned fuel plates of 93% enriched UAlx
cermet clad in aluminum 6061. The increased surface area due to the fins almost doubles
heat removal. The 15 plates are held in place 0.381 cm (0.15 in) apart by two grooved
aluminum 6061 side plates which run the length of the element. The grooves are angled
300 so that the elements have a rhombic cross section. Nozzles welded to the side plates
at the top and bottom of each element permit easy fuel handling and allow each element
to be secured in the core by a lower grid plate and an upper lock-down plate. The fuel
elements are 66.67 cm (26.25 in) long with an active length of 56.83 cm (22.375 in).
Each fresh element contains 510 g 235U. Figure 1.9 shows a cross sectional view of an
MITR-II fuel element.
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Figure 1.9 Cross Section of MITR-ll Fuel Element (Courtesy of E.L. Redmond II)
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1.4.1.3 Thermal Column and Hohlraum
Between the graphite reflector and the MITR-II thermal column (a facility found
only in research reactors used for irradiations and characterized by a high degree of
neutron thermalization) is a vertical duct containing the two main coolant pipes, a
trapezoidal aluminum gas box filled with CO 2 and used for air displacement, and a
cadmium shutter that controls irradiation of the thermal column, as shown in Figure 1.10
and Figure 1.11. The gas box and shutter hang on the same frame from a rear ledge of the
duct (see Figure 1.12).
Figure 1.10 The thermal column duct with the aluminum gas box during reactor
renovation in 1974-75. The cadmium shutter hangs behind the gas box on
the same frame. The main coolant pipes curve over the top of the duct
where they connect to the core tank. The duct is the future location of the
fission converter.
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Figure 1.11 The empty thermal column duct prior to insertion of the aluminum gas box
during reactor renovation. The main coolant pipes are barely visible at the
bottom of the duct where they converge and enter the pipe tunnel.
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Figure 1.12 The aluminum gas box and cadmium shutter hang on their frame before
installation.
A 35.6 cm (14 in) cubical reentrant thimble in the graphite reflector (hereafter
known as the 14 inch window) supposedly enhances the flux in the thermal column. The
14 inch window was initially thought to be empty, but, upon inspection, was found to
contain bricks of an unknown material, most likely lead or graphite. A 0.16 cm (1/16 in)
aluminum gasket at this location provides, if intact, a gas seal between the graphite
reflector, blanketed in helium, and the thermal column, blanketed in CO 2. The
construction photo in Figure 1.13 depicts the 14 inch window.
_~~_
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Figure 1.13 This photo is believed to show the 14 inch window through the graphite
reflector during construction or renovation without its aluminum gasket.
Holes in the shielding for 9CH1 and 9CH2 are visible on the left and right.
Date unknown.
The thermal column proper is graphite-filled with a central cavity which can be
accessed by horizontal ports 9CH1 and 9CH2 and vertical port 12CV1. Aluminum
gaskets provide gas seals for this region. Figure 1.14 depicts the thermal column and
vertical port 12CV1 during reactor renovation. This region is followed by a cart holding
the lead shutter from the MITR-I thermal column. Graphite stringers may be stacked on
the cart as well. The thermal column is terminated by two heavy steel doors that hang on
a rack attached to the outside of the main reactor shield block. The doors move to each
side to allow irradiation of the hohlraum.
* MITR-I was the original configuration of the MITR which after extensive core and core tank
modifications was renamed MITR-II in 1975.
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Figure 1.14 The thermal column as viewed from the steel doors during renovation.
Installation of the graphite stringers stacked around the thimble forming
vertical port 12CV1 is in progress. An aluminum gasket at the front of the
chamber provides a gas seal between the thermal column and the thermal
column duct, shown in Figure 1.10. The fission converter filter will be
located in this area.
The hohlraum (German meaning empty space) is an empty room lined with
graphite (floor, ceiling, and walls) that was originally used in MITR-I to feed thermal
neutrons into the heavy water exponential tank. In 1970 the modifications of the
hohlraum for operation as a fast reactor blanket test facility were completed.24 When the
reactor was renovated in 1974-75, the D20 exponential tank was removed and replaced
by stacked polyethylene shielding above the hohlraum ceiling. Also, the top vertical layer
of shield blocks were removed and the shield blocks forming the roof of this area were
lowered. These top shielding blocks were routinely removed with the reactor's overhead
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crane to permit access to the D20 exponential tank when it was still in place. Steel I-
beams support the graphite ceiling of the hohlraum. Figure 1.15 shows the hohlraum
during reactor renovation. The hohlraum is approximately 2.7 m wide by 2.6 m long.
Figure 1.15 The hohlraum, location of the future medical irradiation room, viewed
from above during renovation. The steel doors on the left, seen hanging
from their rollers, provide access to the thermal column. On the right, the
hohlraum portal allows entry from the Blanket Test Facility. The walls,
floor, and ceiling (not installed) are graphite lined. Ports 6CH 1 and 2CH1
(the two pipes) permit remote sample irradiations. Currently 6CH1 is
fitted with a fission converter for fast neutron irradiations.
1.4.2 Modifications for Fission Converter Beam
An isometric view of the proposed fission converter medical irradiation facility is
shown in Figure 1.16. The fission converter, composed a row of 10-12 spent or fresh
MITR-II fuel elements, will be located in the vertical duct between the graphite reflector
and the thermal column and will be centered between the two main coolant pipes. The
fission converter will also be centered on the 14 inch window in the graphite reflector,
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whose contents will be removed to increase the flux on the fission converter. The
aluminum gas box, the cadmium curtain, and their frame will be removed and the
cadmium shutter will be placed on the core side of the fission converter to control power,
with reactor scram as backup. For increased safety, the converter will be housed in a
double-walled aluminum tank that will retain coolant and keep the converter covered in
the event of a leak.
For simplicity and ease of operation, the fission converter will most likely be
cooled by natural convection with D20, H20, or an inexpensive mixture of the two (i.e.,
low quality D20). Flow channels on the sides of the converter will direct coolant, down
from the upper plenum to a mixing plenum below the converter. Coolant will flow from
the lower plenum up through the fuel to an upper plenum that connects to the two side
channels. Two cold inlets will dump coolant on the sides above the flow channels. The
hot outlet will draw from the center of the upper plenum. If natural convection cooling is
inadequate, the converter can easily be reconfigured for forced convection by inserting
sleeves for forced flow into the side channels. In either case, the fission converter hot leg
will be cooled by a heat exchanger connected to the MITR-II cooling tower through the
reactor's secondary cooling system.
The radioactive contents of the thermal column will be removed so that filters for
the epithermal beam can be installed. A filter/moderator composed of resonance
scattering materials like aluminum, fluorine, and titanium will tailor the neutron
spectrum, eliminating undesirable fast neutrons. A lead reflector surrounding the filter
moderator will reduce losses and improve shielding outside the beam. A thin layer of
cadmium at the end of the filter/moderator will screen out high levels of thermal neutrons
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so that effective beam penetration is improved. Photons will be removed from the beam
by a bismuth shield several cm thick. Finally, the epithermal beam will be collimated
onto the patient position, located at the edge of the immovable high density concrete
reactor shielding block, at the inner face of the steel doors. The collimator will be lined
with a lead reflector to reduce losses from the beam. A fast acting shutter located in the
collimator will reduce the dose to acceptable levels for clinicians working around the
beam. High density concrete doped with boron or lithium to reduce activation will
provide shielding around the collimator. Additional shielding will fill the space between
the beam structures and the permanent reactor shielding block.
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Figure 1.16 Isometric View of MIT Fission Converter Beam and Medical Irradiation
Facility. Drawing is roughly to scale.
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The contents of the hohlraum will be removed and the area will be
decontaminated and refurbished as a shielded medical irradiation room. The irradiation
room will be accessible via either a heavy shielded door or a shielded maze to maintain
low dose rates outside the facility. Patients will sit or recline in front of the beam for
irradiations. Since one requirement for the beam design is flexibility, the filters will be
accessible and removable from the medical irradiation room.
When these modifications are made, a lead shielding block can be inserted into
the thermal column duct, replacing the fission converter tank, to protect workers in the
thermal column and hohlraum from core gammas.
The fission-converter concept appears to be well suited to research reactors with
large area thermal neutron sources of 5 0.5 m2 and 5 1011 n/cm2-s. There are a
relatively large number of potentially suitable reactors worldwide, e.g. in the USA there
are more than 15 suitable reactors.25
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CHAPTER Two
Computational Methods
2.0 Introduction
The primary computational tool for this design study was the code MCNP'
(Monte Carlo N-Particle), a general purpose, generalized geometry Monte Carlo radiation
transport code. MCNP can simulate transport of neutrons, photons, and electrons, either
independently or in coupled neutron/photon/electron mode.
MCNP was chosen over other codes and other methods for a number of reasons.
MCNP employs generalized geometry modeling allowing full three-dimensional
representation of complex structures and it correctly simulates transport effects. The use
of point-wise continuous energy cross sections in MCNP eliminates the need for
collapsing data into multigroup cross sections and accurately treats resonance scattering
which is essential in this application. Several different continuous energy cross section
evaluations based on ENDF/B-V are included in the code package. The MCNP code has
been extensively benchmarked against neutron, 2 photon,3 and criticality experiments, 4" 5
providing a high degree of confidence in its physics representation. Although the Monte
Carlo method probably provides the most accurate simulation of radiation transport, it is
also very computationally intensive, requiring many hours of computer time for each
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calculation carried out for this work. The primary disadvantages of Monte Carlo are the
long runtimes and the statistical uncertainty associated with each tally that is due to the
stochastic nature of the technique. References 1, 6, and 7 provide introductions to the
Monte Carlo method for the unfamiliar reader.
Prior to the beginning of this project, an MCNP model of the MITR-II research
reactor8 was developed by Everett Redmond II, a graduate student in the MIT Nuclear
Engineering Department. As Chapter 3 discusses, the MCNP model has been validated
against experiment and is believed to correctly simulate the MITR-II. This model is used
as the basis for fission converter beam calculations since the MITR-II is the neutron
source for the fission converter and since MITR-II fuel elements from the core model are
used in the fission converter model.
This design study relies primarily on the epithermal neutron flux (Oepi) produced
by the beam and its specific fast neutron and gamma doses (Dfnl/epi and D^/.epi) as figures
of merit because depth/dose curves are much too computationally expensive to be
calculated for every variation of a beam design. However, those designs which yield the
best beams in terms of these figures of merit are evaluated on the basis of their advantage
parameters, derived from in-phantom dose data. This chapter describes most of the
computational techniques used with MCNP to achieve the desired results: in-air and in-
phantom parameters for the fission converter beam driven by the MITR-II core. With a
description of the computational techniques provided here, details of the calculations can
be avoided in later chapters so that discussion can focus on the fission converter beam
design.
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The methodology for computations is outlined in Figure 2.1. First a criticality
calculation of the MITR-II core model (alone) in neutron-only mode is used to generate a
surface source of neutrons at the edge of the thermal column vertical duct, which is where
the fission converter will be located (see Figure 1.10). Next, the neutrons in the surface
source are transported through the fission converter beam attached to a MITR-II core
albedo. In-air flux, current, and dose data can be tallied at the patient position with such a
run. Depending on the mode of the problem (neutron-only or coupled neutron-photon), a
neutron or photon surface source file can be written at the patient position (the end of the
beam). The particles in the surface source files are later transported through an
ellipsoidal head phantom to generate dose profiles. Section 2.1 of this chapter discusses
generation of the thermal column surface source. Section 2.2 addresses transport through
the fission converter beam. Section 2.3 describes calculation of in-phantom dose profiles.
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2.1 Thermal Column Surface Source Generation
The MITR-II core and fission converter form a coupled system, with the MITR-II
core driving the converter. Because the converter and core are separated by so much
moderator, the mutual interaction between the two systems is relatively weak. Although
the core drives the converter, the converter provides little feedback to the core (i.e., the
presence of the converter does not change the power distribution in the core) because it
produces so many fewer neutrons than the core. The method of calculation that will be
described effectively decouples the converter and core models, increasing speed and
computational efficiency, but retains the accuracy of the coupled model due to the weak
feedback from the fission converter.
2.1.1 Reactor Model
The M1TR-II core was modeled in full three dimensions in MCNP. Aside from a
few minor approximations, the model is believed to be blueprint-accurate. Figure 2.2
shows a vertical cross section through the MCNP model of MITR-II generated with the
plotting subroutine of MCNP. This version of the model does not include the existing
vertical medical beam because the number of neutrons returning to the core from the
medical beam is very small. The model extends from the bottom of the graphite reflector
below the core to the top of the graphite reflector. Above the core, the model extends
60.96 cm into the H20 coolant. Fuel element nozzles are modeled as homogeneous
mixtures of aluminum and water. The spent fuel storage ring above the core and the high
density concrete surrounding the reflector are not modeled, but this is not believed to
have a significant impact. The graphite reflector is actually composed of stringers that are
tapered toward the core to allow for radiation damage and expansion. Radial variation of
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the graphite density is accounted for by employing two radial segments of the reflector
with densities of 1.75 and 1.575 g/cm3. The effect of this approximation is not known,
but comparison of calculations and measurements in horizontal throughports 4TH1-3 and
4TH2-4 suggest that the effect is not large (see section 3.1). Figure 2.3 shows a
horizontal cross section of the model taken through the core centerline without fuel detail.
Figure 2.4 depicts a horizontal cross section of the core model with partial fuel detail.
Figure 2.5 shows a horizontal cross section of the model through the beam tubes'
centerline. A three dimensional cutaway view of the reactor model rendered with the
code SABRINA9 is shown in Figure 2.6. Figure 2.7 shows a close-up view of the core
rendered with SABRINA.
Before beginning calculations with the fission converter, a criticality calculation
of the MITR-II core model alone was used to generate a neutron surface source file at the
vertical plane edge of the graphite reflector near the 14 inch window. Since this plane
forms a boundary of the model, which has vacuum (zero return current) boundary
conditions, all particles reaching this boundary plane were killed after being written to the
surface source file. The position, direction of travel, energy, and time of each particle
crossing the surface are written to the surface source file so that the "exact same"
particles can be used in later transport calculations with the surface source. Neglecting
neutrons that would be backscattered at this boundary has no detrimental effect because
their impact on the core is negligible and because further transport through the fission
converter beam is correctly simulated by starting this surface source at the edge of a core
albedo
Chapter 2: Computational Methods W.S. Kiger, III
The criticality calculation was done using the kcode option of MCNP running 200
cycles of 3000 particles each with 10 settle-cycles. The calculation required 2737
minutes on a Sun Sparc Station 670MP (4 processors, not running in multitasking mode)
computer and yielded a surface source of 247,486 tracks from 59,552 independent
histories.
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Surface
Figure 2.2 Vertical Cross Section of the MCNP Model of MITR-II through the center
of 12SH1 and the 14 inch window in the graphite reflector as indicated by
the dashed line in Figure 2.5. Some segmentation is removed to improve
the clarity of the figure.
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Figure 2.3 Horizontal Cross Section through the MCNP Model of MITR-II at the
Core Centerline
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n Solid Aluminum Dummy Elements
Figure 2.4 Horizontal cross section through the MITR-II core model with fuel
elements explicitly represented. The detail of each individual fuel plate is
omitted to improve clarity. (Courtesy of E.L. Redmond II)
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Figure 2.5 Horizontal Cross Section through the MCNP Model of MITR-II at the
Beamtubes' Centerline
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2.1.2 Variance Reduction in the Reactor Model
Variance reduction techniques are enhancements of the analog Monte Carlo
method that permit more efficient sampling of random walks in a problem, usually by
focusing computational effort on regions of phase space (position, energy, or direction) of
particular interest or importance in a problem, so that statistical error is reduced for a
given amount of computer time. Population control methods, a very common class of
variance reduction techniques, generally work by increasing the number of particles that
reach important regions of phase space and by biasing against uninteresting portions of
phase space. Variance reduction techniques can also increase the incidence of unlikely
events by biasing. Correct answers are obtained by preserving the mean result and
conserving particle weight (on average).
Variance reduction techniques are enhancements of the analog Monte Carlo
method that focus computational effort on areas of phase space (position, energy, or
direction) of particular interest or importance in a problem to reduce statistical error.
Population control variance reduction techniques generally work by increasing the
number of particles that reach important regions of phase space and by biasing against
uninteresting portions of phase space. Variance reduction techniques can also increase
the incidence of unlikely events by biasing. Correct answers are obtained by preserving
the mean result and conserving particle weight (on average).
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Figure 2.6 Cutaway View of the MCNP Model of MITR-II rendered with SABRINA.
Graphite is shown in red, aluminum in gray, fuel in magenta, and the shim
blades in yellow.
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Figure 2.7 Close-up View of the MCNP Model of the MITR-II Core rendered with
SABRINA. Graphite is shown in red, aluminum in gray, fuel in magenta,
and the shim blades in yellow. Although this figure shows no fuel detail,
the fuel elements are modeled explicitly as depicted in Figure 1.9.
A particularly useful variance reduction technique available in MCNP is weight
windows. Weight windows are a combined form of geometry and energy splitting and
Russian Roulette. In the weight windows technique, the user specifies a weight window
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lower bound for each position-energy cell of phase space. The window upper bound is a
constant multiple of the lower bound. The weight window upper and lower bounds
specify the range of acceptable particle weights. If a particle has a weight above the
weight window upper bound, then it is split into enough particles so that each is within
the weight window. If the particle weight is below the lower bound, then Russian
Roulette is played and the particle either survives with a weight within the window or it is
terminated. No action is taken if the particle is within the weight window. Unlike
importances, weight windows are normalized to the source weight (per particle) and must
accordingly be renormalized if the source weight is changed.
The weight windows variance reduction technique has an associated feature called
the weight windows generator that allows the user to generate weight windows optimized
to reduce the variance of a specified tally bin. The weight windows generator uses
information gathered during preliminary transport calculations to estimate the average
importance of position-energy phase space cells. The weight window lower bounds,
fixed by the weight of a reference phase space cell specified by the user, are calculated to
be inversely proportional to these importances. Like the code itself, the weight windows
generator cannot be used as a black box and care must be taken to ensure that the weight
windows are reasonable.
Energy independent weight windows were used in the criticality calculation to
increase the number of tracks at the edge of the model where the surface source was
written, thereby better sampling phase space. The set of weight windows used in this run
to enhance transport from the core to the graphite edge was generated by Everett
Redmond II. He segmented the core model radially and azimuthally in the reflector so
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that tracks could be more effectively directed toward the 14 inch window. To quickly
generate the weight windows outside the fuel, a criticality calculation using a simplified
model of the core was run with the weight windows generator turned on. For this
problem, the geometric complexity of the core was greatly reduced by using a horizontal
slice of the system with reflective boundary conditions at the top and bottom and a
homogenized fuel mixture. Homogenized fuel was used because the fuel structure is very
complex and because no splitting was desired in the fuel. Reflective boundary conditions
were chosen so that transport would not be dominated by vertical leakage out the top and
bottom of the simplified model. The weight windows generated in this calculation, after
being adjusted for symmetry, were used in the criticality calculation to generate the
surface source at the graphite edge. Figure 2.8 shows the adjusted weight windows on a
cross section of the fully segmented core model.
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Figure 2.8 Horizontal Cross Section through the MITR-II Core Model showing
Radial and Azimuthal Segmentation for Variance Reduction. The cells are
labeled with weight window lower bounds.
2.2 Transport through the Fission Converter Beam
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The surface source described in section 2.1 was used in subsequent calculations of
the fission converter beam as a neutron source located in the thermal column vertical
duct. Using the surface source greatly reduces computational effort by eliminating the
time-consuming transport of particles within the core and from the core to the graphite
reflector edge.
2.2.1 Fission Converter Beam Model
To further increase the speed of transport calculations, sections of the reactor not
adjacent to the thermal column, including the core, were removed from the coupled
fission converter/core model. Vertical and horizontal cross sections of the reduced
fission converter/core model and a rendered three-dimensional view of the same model
are shown in Figure 2.9 and Figure 2.10. Removal of this section of the reactor model
should not affect calculations in the area of interest (i.e., the fission converter beam)
because the remaining portion of the reactor model provides an albedo sufficient that the
number of neutrons that are killed by entering the missing portion of the model that
would have returned to the fission converter is negligibly small. This method of
calculation also fails to account for interaction between the fission converter and the core;
i.e., neutrons from the fission converter can give no feedback to the core because it is
absent. In chapter 4, comparison of the power distribution in the fission converter
calculated with the surface source and with the criticality calculation of the coupled core-
converter system shows that the effects of the reduced model are indeed negligible since
excellent agreement is obtained between the two methods.
Quantities of interest in the calculations are typically a 3-group (defined below)
neutron flux, current, and dose rate; the fission converter power; and the neutron
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spectrum. In coupled neutron-photon calculations, the photon dose rate is tallied as well.
The in-air neutron and photon dose rates are tallied using KERMA factors for brain tissue
found in Reference 10. KERMA factors for muscle, also provided by the authors of
Reference 10, are sometimes used as well. The KERMA factors are plotted along with
cross sections of interest in Appendix D. These quantities are tallied at the patient
position, i.e., the surface at the end of the collimator, and are segmented so that the tallies
are averaged over the area of the delimited beam. The 3-group energy structure is defined
with the thermal energy range as 0 to 1 eV, epithermal 1 eV to 10 keV, and fast 10 keV
to 20 MeV. Transport calculations with the fission converter beam typically require
-2300 minutes to run the entire surface source once on a Sun Sparc Station 670MP.
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Figure 2.9 Vertical and Horizontal Cross Sections Through the Fission Converter
Beam and Core Albedo Model
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Figure 2.10 View of the MCNP Model of the Fission Converter Beam and MITR-II
Core Albedo rendered with SABRINA. Graphite is shown in red,
aluminum in gray, fuel in magenta, the filter/moderator in green, bismuth in
dark blue, and high density concrete in yellow. D20 on the albedo and lead
in the beam are both shown in light blue.
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2.2.2 Variance Reduction in the Fission Converter Beam Model
In some applications of Monte Carlo radiation transport techniques, the natural
physical probabilities of events occurring are sufficiently high that variance reduction
techniques are not needed to increase the incidence of those events to statistically
significant and meaningful levels. In other applications, for instance shielding problems
like the fission converter beam, the natural probability of having a neutron contribute to
the beam is so low that meaningful numbers of tracks cannot be accrued in reasonable
amounts of computer time without the use of variance reduction techniques. In fact, in
the Monte Carlo model of the fission converter beam, without the use of variance
reduction techniques, only an infinitesimal fraction of the tracks started in the core would
reach the patient position. The transport efficiency for a fission neutron from the fission
converter to travel to the patient position is on the order of 10-6 . If 1000 particles per
minute were run (which is reasonable), on average 1 track would be scored at the patient
position for every 1000 minutes of computer time. Several months would elapse before
enough histories were run to have good statistics. To obtain statistically significant and
meaningful results, variance reduction techniques must be employed to increase the
number of tracks that reach the patient position. Energy dependent weight windows are
used in the fission converter model. Two different weight windows optimization
schemes are described below.
2.2.2.1 Manual Optimization
In initial calculations that were made with a simplified fission converter beam
design with plate type fuel and a fixed fission source, energy independent weight
li~o~ara**EAaPri*lp-~-m
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Beam for Neutron Capture Therapy
windows were used. In this situation, optimization of the weight windows was relatively
simple because of the linear geometry and the absence of energy dependence. To reduce
the variance of a tally, the number of tracks that reach the tallying position and score
should be maximized. To maximize the information content of the tracks, splitting
should neither be done entirely in locations close to the source nor entirely in locations
near the tally, but should be done progressively along the path from the source to the
tally. This goal is achieved by maintaining a constant track density from the source to the
tally despite attenuation due to the effects of implicit capture.
Since the surface area of cells along the beam line is constant, adjustment of a set
of trial weight windows is simple. An initial run made with the trial weight windows
provides the number of tracks entering each cell. The ratio of the tracks entering adjacent
cells provides a correction factor for the ratio of the weight window lower bounds. The
adjusted weight window for cell i is given by
-wi = , )(.TE,_, (2.1)
where I = adjusted weight window lower bound for cell i
WV1 = original weight window lower bound for cell i
TEi  = tracks entering cell i
i = cell index, which increases with distance from the source
The weight window lower bound for the source cell, WWo, is fixed by the source
weight. This method can be applied for both neutrons and photons. A few iterations may
be required to obtain optimum weight windows.
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2.2.2.2 Optimization using the Weight Windows Generator
The energy independent method described above provides a reasonably good
variance reduction scheme for photons, since the photon spectrum does not vary strongly
(i.e., several orders of magnitude) with energy. However, because the neutron spectrum
varies significantly over the energy range of interest due to filtration of fast and thermal
neutrons, this variance reduction scheme does not adequately sample the neutron
spectrum. Since all regions of the neutron spectrum are needed to characterize beam
performance, high statistical uncertainties in any region are undesirable. Different
variance reduction schemes were considered to alleviate poor statistics in low probability
regions of the neutron spectrum. One variance reduction scheme considered was similar
to the one used for transport through the current M1TR-II medical beam, in which
different source energy ranges are transported in independent runs with different weight
windows. This method was rejected as inefficient because it requires multiple runs and
significant post-processing to determine the performance of a single beam design. The
next method considered was to use energy dependent weight windows to better sample
low probability regions of position-energy phase space, i.e., to increase the numbers of
fast and thermal neutron tracks which are naturally screened out by the filter. This
method requires only a single run to determine beam performance, but the energy
dependent weight windows are more difficult to optimize.
The MCNP weight windows generator is needed to optimize energy dependent
weight windows because the code provides no information on the numbers of tracks of
W.S. Kiger, IHI
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different energy ranges entering cells.t The weight windows generator will provide
weight windows for as many as 10 energy ranges optimized for a single tally bin specified
by the tally fluctuation card for that tally; i.e., the weight windows generator will generate
weight windows optimized for a single energy bin of a single segment of a particular
tally. Thus, the energy dependent weight windows will be optimized to enhance transport
of a single energy range to the tally region of interest. For particles outside the energy
range of the tally fluctuation bin, the less than ideal effects of these weight windows may
include rouletting or zero weight windows, so that the weight cutoff game is played with
these particles. Since efficient transport of the entire neutron spectrum is desired, weight
windows optimized for a single tally fluctuation bin (and thus single energy range) are
unacceptable.
To circumvent this difficulty, the weight windows generated in several different
runs are combined to optimize the transport efficiency of all neutron energies. A series of
weight window-generating calculations is run using the system under study with the
weight windows generator set to optimize for a tally whose energy bins match the ranges
of the energy dependent weight windows. In each calculation, the tally fluctuation card of
this optimizing tally is set to a different energy bin, so that weight windows optimized for
different energy ranges are generated. After the calculations are complete, only those
weight windows corresponding to the energy of the tally fluctuation card in each
calculation are retained because windows for the other energies in each run are poor.
These weight windows from the different runs are concatenated into one input deck so
that they increase transport efficiency over the entire energy range.
t It might be instructive to compute the track current with an fl tally by specifying a tally multiplier card of
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Initially, the weight window energy intervals were chosen to match the three
energy groups so that tallies of each energy group would have similar statistical
uncertainties. This method worked well for tallies with few energy groups, but
calculation of the neutron spectrum required the addition of more energy intervals to
provide adequate treatment at all energies because the neutron flux can vary by orders of
magnitude over small regions of the spectrum. Five energy intervals were chosen to
match the spectrum and provide reasonable uncertainty at most energies. Figure 2.11
shows the neutron flux spectrum at the patient position with the weight windows energy
intervals indicated on the figure. The intervals are 0 to 1 eV, 1 to 800 eV, 800 eV to 20
keV, 20 keV to 1 MeV, and 1 MeV to 20 MeV.
fml 1 1 , but the weight windows generator is probably easier to use.
~UP ~~-----~
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Fission converter beam neutron spectrum at the patient position. Weight
window energy intervals are indicated by the dashed vertical lines. Error
bars represent one standard deviation.
If the runs are not done in parallel, the sequence should begin with the fast(est)
neutron energy group. The weight windows for the fast group are relatively unaffected by
those of other energy groups since fast neutrons can only scatter down in energy. Also,
lower energy groups are directly affected by the weight windows of energy groups above,
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since they are the scattering source for the lower energy groups. Thus the calculations
should proceed sequentially from the highest to the lowest energy group with the weight
windows generated in one run used in the next so that convergence of the weight
windows is faster. Optimization of the weight windows usually requires a few iterations
(2-3) and is indicated by a constant track density across the beam line and little difference
between the weight windows used in the calculation and those generated. If the
calculations are done in parallel, the input decks should be "refreshed" with newly
generated weight windows as often as possible.
A typical set of weight windows developed using this scheme are shown in Figure
2.12. The normalized number of tracks entering each cell are plotted as well. The
highest energy intervals have the lowest weight windows and are thus split the most.
Weight windows for the thermal energy interval are the highest until the location of the
cadmium filter, where they drop sharply. The number of tracks entering each cell
generally increases along the beam line due to splitting. The initial dip in the number of
tracks entering around 140 cm is likely due to thermal neutron absorption in the first few
cm of the beam. The change in sign of the slope around 200 cm is due to increased
leakage at the edge of the collimator.
"~P··l"-~lll-·~·~g--~)~
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Figure 2.12 Energy dependent weight windows with the normalized tracks entering
each cell.
Implementation of the variance reduction scheme using energy dependent weight
windows described above is complex, but it provides equally good statistics on tallies of
the thermal, epithermal, and fast energy groups and, more generally, relatively constant
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uncertainties across the spectrum. The variance reduction scheme is fairly robust,
performing well for similar beam designs unless drastic changes are made.
2.3 Dose Profile Calculation in Head Phantom
Figure 2.13 illustrates the ellipsoidal head phantom model used with the fission
converter beam. The model is based on the ellipsoidal head phantom used for
characterization of the current medical beam." The water-filled ellipsoid is represented
by the equation
2  0)2 (J-2 •i (2.2)
where the denominators are the ellipsoid semi-axes in cm. Although phantoms with
greater physiological accuracy are possible, this phantom is believed to provide a good
representation of a human head since it replicates the shape and hydrogen density of the
human brain with reasonable accuracy. The head phantom is positioned 1 cm from the
radiation source plane, i.e., the collimator end. Uniform importances of 1 are used in the
head phantom model. Volume tallies in a 1.27 cm diameter cylinder along the lateral axis
of the phantom are segmented every 0.5 cm to allow calculation of dose profiles using
KERMA factors for the 'OB, neutron, and photon doses found in Reference 10.
'~UIC*·"~-~-"-"--~-~·I~~
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Figure 2.13 Ellipsoidal head phantom model is a water-filled ellipsoid with semiaxes
of 7, 10, and 8.5 cm. Volume tallies in a cylinder along the lateral axis are
segmented every 0.5 cm to provide dose profiles.
First attempts at calculation using the full fission converter beam model with a
head phantom located at the patient position resulted in erratic dose profiles with
mediocre statistics (15% on the fast neutron dose) after a week of run time. This method
was abandoned in favor of more efficient techniques.
To increase computational efficiency, the head phantom model is decoupled from
the fission converter beam in the same manner that the fission converter beam is
decoupled from the core for transport through the fission converter beam. Before the
head phantom model is needed, neutron and photon sources at the patient position must
be generated. Two different methods were used to represent the neutron and photon
surface sources at the patient position.
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The first method of calculation is outlined in Figure 2.1. Two different
calculations are run with the fission converter beam model and core albedo, one in
neutron-only mode and the other in coupled neutron-photon mode. A neutron surface
source is written in the neutron-only calculation and a photon surface source is written in
the coupled neutron-photon calculation. The calculations are done separately because the
slowness of the coupled neutron-photon runs does not permit resampling of the thermal
column surface source. Also, before the capabilities of MCNP to control photon
production were realized, much larger numbers of photons were produced than neutrons
and the resulting photon surface source files were unmanageably huge (>> 10 MB). These
surface sources are separately transported through the head phantom in two later
calculations, where they are positioned 1 cm from the phantom. The calculation with the
neutron surface source is done in coupled neutron-photon mode so that photons induced
in the phantom are recorded. The calculation with the incident photon surface source is
of course performed in photon-only mode.
To improve statistics, the neutron surface source is sampled as many as a
thousand times. Sampling the neutron surface source multiple times could result in
statistics that are lower than the actual uncertainty because the "exact same" particles are
sampled multiple times. However, the neutron beam is well randomized by scattering in
the hydrogenous tissue so that this effect is unlikely to be important. In fact, without the
strong scattering, there would be no benefit to sampling the neutron surface source
multiple times. The weakly scattering incident photons demonstrate the requirement of
strong scattering in this technique. When the photon source is sampled multiple times,
:("---~""·lO·I~J-a~-···~
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the standard deviations do not vary as (where N is the total number of particles or
equivalently the number of times that the surface source is sampled), but are constant
with N. Because the photon scattering in the head phantom is very weak, each time the
surface source is sampled, primarily the same tracks contribute to each tally, resulting in a
distribution of particle weights that changes little as the number of times that the surface
source is sampled increases. Since the distribution of particle weights is independent of
N (or nearly so), the standard deviations of these distributions must also be independent
of N. To improve statistics of the incident photon dose, the second method was
sometimes used, but the mediocre results do not justify its use.
The second method of representing the radiation sources at the patient position is
used to represent the radiation source of the current medical beam in treatment
planning. 12 Neutrons and photons are separately tallied into spatial (in the radial
direction), energy, and angular distributions at the patient position. These distributions
are represented using the MCNP general source definition. Because MCNP limits the
user to one level of dependency in the source, the energy and angular distributions are
separated and assumed independent, since they are given radial dependence. For the
current medical beam, where significant scattering occurs near the patient position, this
approach results in dose profiles that agree well with measurements. For the fission
converter beam, this method produces dose profiles that have significantly different
shapes than those calculated using surface source files written at the patient position. The
discrepancy is believed to result from assuming independence of the energy and angular
distributions rather than from other approximations. This method has the advantage that
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no large binary surface source files are required and it is very portable to different
computing platforms. If correction of the discrepancy is desired, for instance to use this
method in treatment planning calculations, an MCNP source subroutine could be written
to treat the energy-angular dependence.
Neither of these methods account for backscatter from the phantom onto the beam
and back to the phantom. This effect was omitted because of the desire to make the
phantom model independent of the beam model and indications that the effect is small, if
not negligible. The long open space of the collimator and its large solid angle as seen
from the head phantom make a significant contribution to the flux in the head phantom by
backscattering unlikely; the chance of returning to the head phantom after a scattering
event deep in the collimator is small.
Having described computation of dose profiles in a head phantom, it is now
convenient to discuss advantage parameters, the figures of merit used to quantify neutron
beam performance in a realistic target (e.g., an ellipsoidal head phantom) through its dose
profiles. The first of the advantage parameters is the advantage depth (AD), which is the
depth in phantom at which the tumor dose equals the maximum normal tissue dose. The
advantage depth represents the maximum depth at which a tumor may effectively be
treated. Beyond the advantage depth, the tumor dose is lower than the maximum healthy
tissue dose, which limits the dose that can be delivered. Attempting to treat tumors at
locations deeper than the advantage depth is not feasible because normal tissue at
shallower depth will always receive a higher dose.
The next figure of merit is the advantage ratio (AR), which is the ratio of the
integrals of the tumor and normal tissue doses from the surface to the advantage depth.
~ppLar~ra~·ar~-··l~i·p·~~·
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Thus, the advantage ratio represents an average therapeutic ratio for the region of interest
(e.g., where tumors can be treated).
D, (x) dx
AR = ,D (2.3)
f,J(x) dx
where D,(x) = tumor dose as a function of depth
D, (x) = normal tissue dose as a function of depth
x = depth in phantom
The final figure of merit is the advantage depth dose rate (ADDR), which equals
the maximum healthy tissue dose rate and the dose rate at the advantage depth, since both
are equal. The ADDR is indicative of how much time is required for a therapy since the
maximum normal tissue dose limits the deliverable dose to the normal tissue tolerance.
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CHAPTER THREE
Reactor Model Validation
3.0 Introduction
The MCNP model of the MIT research reactor has been extensively validated in
core, providing a high degree of confidence in the accuracy of the model in the core
region.' Calculations of the fast neutron flux profiles in the core using the Monte Carlo
model have compared well with actual measurements. Criticality calculations of fresh
and spent cores yield correct eigenvalues very close to unity. The MCNP model has also
been benchmarked by characterization of the current medical beam.2 Simulation of
radiation transport from the core through the medical beam to an ellipsoidal head
phantom at the patient position results in dose profiles that agree well (i.e., within 15%
for neutrons) with measured values. In fact, neutron and photon sources calculated with
the MCNP model of the M1TR-II core and medical beam are used for treatment
planning.3
These results indicate that the MCNP model is correct in the vicinity of the core
and medical beam. However, they do not give any indication of the accuracy of the
model for the region where the fission converter will be installed, since this region is
relatively far (many mean free paths) from the core and errors in this region would have a
101
Neutronic Design of a Fission Converter-Based Epithermal Neutron Beam for Neutron Capture Therapy
small impact on results for the core and medical beam. Thus, to ensure that the neutron
source used for fission converter calculations is correct, validation of the MCNP model in
the thermal column region is necessary. Initially, two sets of neutron flux measurements
were used for comparison with Monte Carlo calculations: the longitudinal flux profile in
horizontal throughports 4TH1-3 and 4TH2-4 and the flux vertical flux profile in thermal
column vertical port 12CV1. See Figure 3.1 for the locations of these ports. Monte Carlo
calculation of the flux profiles in the horizontal throughports, immediately below the 14
inch window, agreed well with experiment (within 10 - 15%). However, the calculation
of the flux profile in the vertical port 12CV1, which is more germane to the fission
converter, was approximately a factor of 2 higher than the measurement. For this reason,
an additional set of measurements was made by the author to verify the initial flux profile
in 12CV1 and to measure for the first time the flux profile across the aluminum gas box
in the thermal column duct.
This chapter describes the validation of the MCNP model of the MITR-II research
reactor in the thermal column region, where the fission converter will be installed. First,
comparisons of the calculated and measured flux profiles in horizontal throughports
4TH1-3 and 4TH2-4 are presented. Next, measurements in the thermal column are
discussed. Details of the experimental procedure are given along with theory used to
derive the results. Finally, the flux measurements in the thermal column are compared
with several Monte Carlo calculations.
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3.1 Horizontal Throughport Measurements
Horizontal throughports 4TH1-3 and 4TH2-4 are located on the inside of the
graphite reflector below the 14 inch window, as illustrated by Figure 3.1. The two ports
run perpendicular to the fission converter beam-line. These 11.9 cm (4.7 in) OD
aluminum tubes through the graphite reflector are filled with CO2 gas and are plugged at
both ends. As Figure 3.2 shows, the center of 4TH1-3 is 76.2 cm (30 in) below the core
centerline. 4TH2-4 is 25.4 cm (10 in) below 4TH1-3.
The longitudinal neutron flux profiles in horizontal throughports 4TH1-3 and
4TH2-4 were measured by S.H. Lau on August 1, 1991 in support of the MIT NRL
Transmutation Doping of Silicon Project, which uses 4TH1-3 and 4TH2-4 for irradiation
of silicon boules. 4 The cadmium difference method was used with gold foils to obtain an
accurate measurement of the thermal neutron flux. The reaction for this activation
technique is 197Au(n,y)' 98Au with a 2200 m/s cross section of 98.8 barns. 19 8 Au
undergoes beta decay with a half-life of 2.696 days, emitting a 411.7 keV gamma ray in
95.5% of its transitions to 198Hg. Gold foils were mounted at 15.24 cm (6 in) intervals on
0.64 cm (0.25 in) OD aluminum tubes mounted in the centers of the two beam ports.
Two cadmium covered foils were mounted on each rod as well. The foils were irradiated
for 1 hour at 100 kW reactor power at startup after several days of downtime. This time
was sufficient for xenon to decay to negligible levels, thereby eliminating reactivity
effects due to xenon poisoning. A IPH1 pneumatic rabbit loaded with gold foils
provided power normalization. Parameters describing the condition of the core during
the experiment are listed in Table 3.1. A different core configuration was used to
simulate the experiment because it was already available and is very similar to the
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configuration used in the experiment. Differences between the core configuration used in
the experiment and the configuration used to simulate the experiment should not
significantly impact the neutron flux at locations of interest (i.e., in the graphite reflector).
Furthermore, generation of a new core model for this simulation would have required a
great deal of effort and is beyond the scope of this work.
As Figure 3.2 shows, to simulate this experiment, the MCNP model of MITR-II
was amended to include 4TH1-3 and 4TH2-4 as appropriately sized and located hollow
aluminum tubes, extending through the edges of the graphite reflector. The condition of
the core used in the simulation is described in Table 3.2. To calculate the flux in 4TH1-3
and 4TH2-4, a criticality calculation of the core was performed. Volume flux tallies were
used in 4TH1-3 and 4TH2-4 with volume segments centered on the actual foil locations,
as illustrated by Figure 3.3.
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-- 1 m--- Curtain
Figure 3.1 Vertical Cross Section of the MCNP Model of MITR-II Core and Thermal
Column. No beam tubes appear because the 12 inch beamport (12SH1) is
split in the D20 reflector.
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Figure 3.2 Locations of the 11 Primary Horizontal Beam Ports. The reference height,
16 inches below the core centerline, is the approximate location of the
thermal flux peak.
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Table 3.1 Core Condition for 4TH1-3 and 4TH2-4 Flux Measurements
Table 3.2 Core Condition for 4TH1-3 and 4TH2-4 Flux Calculation
Core Configuration #107B
Power 100 kW
Shim Blade Height 25.78 cm (10.15 in)
Regulating Rod Height 5.00 cm (1.97 in)
H20 Temperature 26 oC
D20 Temperature 25 'C (est.)
D20 Shutter Tank Closed (Filled)
H20 Shutter Tank Closed (Filled)
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Core Configuration #103A
Power 100 kW
Shim Blade Height 25.40 cm (10.00 in)
Regulating Rod Height 8.69 cm (3.42 in)
H20 Temperature 34.6 oC
D20 Temperature 32.6 oC
D20 Shutter Tank Closed (Filled)
H20 Shutter Tank Closed (Filled)
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Main
Coolant
Figure 3.3 Horizontal Cross Section of the MCNP Model of MITR-II Core and
Thermal Column showing Tally Segmentation and Foil Locations in
4TH1-3.
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Figure 3.4 View of the MCNP Model of MITR-II Core and Thermal Column
rendered with SABRINA. Graphite is shown in red and aluminum or other
metal in gray. Outside the core, the trapezoidal aluminum gas box is visible
between the two main coolant pipes. The penetrations for 9CH1 (from the
side) and 12CV1 (from the top) are shown in the thermal column model.
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Figure 3.5 Cutaway View of the MCNP Model of the MITR-II Core and Thermal
Column rendered with SABRINA
In order to simulate the gold foil flux measurement technique, the flux tallies were
folded with the gold absorption cross section and divided by the gold thermal cross
section, yielding the gold cross section-weighted flux. Mathematically, this is
JoO(E)o(E) dE
GTh
Cadmium attenuated fluxes were also calculated, but the relative errors of these tallies
were far too high for the data to be reliable. Because the statistics were so poor, the
cadmium difference method could not be applied in the simulation. Thus to compare the
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simulation and measurement, the measured thermal fluxes reported in reference 4 were
converted into total fluxes using
Tot = 1 (3.5)
1-
CdR
effectively undoing the cadmium correction. The cadmium ratios measured for 4TH1-2
and 4TH2-4 are 16.6 and 40.0, respectively.
The calculated and measured total fluxes for 4TH1-3 and 4TH2-4 are listed in
Tables 3.3 and 3.4, respectively. Both measured and calculated fluxes are normalized to
5.0 MW reactor power. Calculations were made with the 14 inch window through the
graphite reflector filled with graphite, filled with lead, and empty. Figure 3.6 and Figure
3.7 compare the calculated and measured longitudinal neutron flux profiles in 4TH1-3
and 4TH2-4. The fluxes calculated with the window filled are consistently higher than
those calculated with the window empty due to reduced leakage through the window.
The higher flux calculated with the graphite-filled window is likely due to reduced
absorption compared to lead. The calculations done with the window empty and filled
with lead agree with measurement better than the calculation with the graphite-filled
window. For the calculation done with graphite, the fluxes are on average 20% higher
than the measurement. The calculations done with the window filled with lead and empty
are about 10 to 14% higher than measurement. Although no conclusions about the
contents of the 14 inch window can be drawn from these results, they do suggest that the
planned removal of the contents of the window will reduce silicon production capability
slightly.
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Table 3.3 and Table 3.4 also list flux data calculated with the 14 inch window
empty and the thermal column model absent, i.e. the core model alone. This
configuration approximates closure of the cadmium shutter, since all neutrons reaching
the graphite reflector edge are killed. Since the cadmium shutter eliminates primarily
thermal neutrons, killing all neutrons in the return current from the thermal column
overestimates the absorbing effect of the shutter. However, comparison of the fluxes
from the calculations with and without the thermal column present indicate that the effect
of the cadmium curtain on the thermal flux at these locations would be small, at most 7%.
Figure 3.8 and Figure 3.9 compare the longitudinal neutron flux profiles in 4TH1-3 and
4TH2-4 calculated with and without the thermal column model present with the measured
flux profiles.
Table 3.3 Calculated and Measured Neutron Flux Profiles in Horizontal Throughport
4TH1-3
114
Run ID TC013 TC014 TC015 STD427 Experiment
Window Graphite Lead Empty Empty, No Unknown
Contents Thermal Column
Position Flux Stat. Flux Stat. Flux Stat. Flux Stat. Flux Stat.
Error Error Error Error Error
cm n/cm2 s % n/cm2s % n/cm2 s % n/cm2s % n/cm2 s %
-76.2 1.87E+12 2.3 1.73E+12 2.5 1.82E+12 2.4 1.75E+12 3.5 1.4E+12 3
-61.0 3.05E+12 1.7 2.87E+12 1.8 2.81E+12 1.8 2.57E+12 2.6 2.4E+12 3
-45.7 4.14E+12 1.3 3.90E+12 1.4 3.82E+12 1.3 3.48E+12 1.8 3.6E+12 3
-30.5 5.00E+12 0.9 4.54E+12 1.0 4.46E+12 1.0 4.19E+12 1.4 4.1E+12 3
-15.2 5.58E+12 0.8 5.03E+12 0.9 4.91E+12 0.9 4.57E+12 1.3 4.6E+12 3
0.0 5.92E+12 0.8 5.26E+12 0.8 5.12E+12 0.8 4.83E+12 1.2 4.9E+12 3
15.2 5.71E+12 0.9 5.10E+12 0.9 5.00E+12 0.9 4.67E+12 1.3 4.6E+12 3
30.5 5.01E+12 1.0 4.61E+12 1.0 4.56E+12 1.0 4.19E+12 1.5 4.1E+12 3
45.7 4.16E+12 1.3 3.92E+12 1.3 3.83E+12 1.3 3.52E+12 2.0 3.5E+12 3
61.0 3.05E+12 1.8 2.95E+12 1.8 2.94E+12 1.9 2.59E+12 2.7 2.8E+12 3
76.2 1.94E+12 2.3 11.83E+12 2.5 1.83E+12 2.5 1.81E+12 3.7 1.8E+12 3
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Table 3.4 Calculated and Measured Neutron Flux Profiles in Horizontal Throughport
4TH2-4
Run ID TC013 TC014 TC015 STD427 Experiment
Window Graphite Lead Empty Empty, No Unknown
Contents Thermal Column
Model
Position Flux Stat. Flux Stat. Flux Stat. Flux Stat. Flux Stat.
Error Error Error Error Error
cm n/cm2s % n/cm2s % n/cm2s % n/cm2s % n/cm2s %
-76.2 1.16E+12 3.1 1.14E+12 3.1 1.07E+12 3.3 1.OE+12 5 9.8E+11 3
-61.0 1.80E+12 2.2 1.79E+12 2.3 1.66E+12 2.3 1.6E+12 4 1.5E+12 3
-45.7 2.40E+12 1.6 2.29E+12 1.6 2.21E+12 1.7 2.1E+12 2 2.1E+12 3
-30.5 2.86E+12 1.4 2.68E+12 1.4 2.67E+12 1.4 2.5E+12 2 2.5E+12 3
-15.2 3.17E+12 1.4 2.95E+12 1.3 2.99E+12 1.4 2.8E+12 2 2.7E+12 3
0.0 3.36E+12 1.5 3.10E+12 1.5 3.06E+12 1.6 3.OE+12 2 2.8E+12 3
15.2 3.26E+12 1.4 3.03E+12 1.5 2.98E+12 1.4 2.9E+12 2 2.8E+12 3
30.5 2.98E+12 1.4 2.77E+12 1.4 2.75E+12 1.4 2.5E+12 2 2.7E+12 3
45.7 2.51E+12 1.7 2.33E+12 1.8 2.32E+12 1.8 2.1E+12 3 2.1E+12 3
61.0 1.81E+12 2.3 1.74E+12 2.4 1.80E+12 2.6 1.6E+12 4 1.4E+12 3
76.2 1.18E+12 3.1 1.12E+12 3.3 1.11E+12 3.2 9.7E+11 5 8.5E+11 3
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Figure 3.6 Calculated and Measured Neutron Flux Profiles in Horizontal Throughport
4TH1-3. Error bars represent one standard deviation.
116
Experiment
---- MCNP: 14" Window Empty
- MCNP: 14" Window Filled with Lead
--v-- MCNP: 14" Window Filled with Graphite
Chapter 3: Reactor Model Validation
r-"C14
0
0
3.5e+12
3.0e+12
2.5e+12
2.0e+12
1.5e+12
1.0e+12
5.0e+l 1
0.Oe+0
-100 -50 0 50
Position [cm from beamport center]
Figure 3.7 Calculated and Measured Neutron Flux Profiles in Horizontal Throughport
4TH2-4
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Figure 3.8 Calculated and Measured Neutron Flux Profiles in Horizontal Throughport
4TH1-3. The MCNP calculations were done both with and without the
thermal column model present.
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Calculated and Measured Neutron Flux Profiles in Horizontal Throughport
4TH1-3. The MCNP calculations were done both with and without the
thermal column model present.
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3.2 Thermal Column Measurements
Because MCNP calculations of the vertical flux profile in thermal column vertical
port 12CV1 did not agree with measurements made by T. Bahadir in 1993, an additional
set of measurements was made to verify the initial measurements and to also obtain the
flux profile on the aluminum gas box (see Figure 3.1 and Figure 3.3), which is the future
location of the fission converter. This section describes the experiment performed, the
analysis of data obtained in the experiment, and comparisons of the results with Monte
Carlo calculations and previous measurements.
3.2.1 Experimental Procedure
Approximately 120 gold foils were used in this experiment. Approximately 100
foils had to be cut out of their polyethylene packets and weighed in the Environmental
Chemistry Lab because their masses were unknown. After weighing, the foils were heat-
sealed in polyethylene packets and an identification number was written on each packet.
The foil masses are listed in Appendix B for future use.
3.2.1.1 Gas Box Frame
A frame was constructed from 0.635 cm (0.25 in) aluminum rod to support gold
foils on the front of the aluminum gas box. The frame, shown in Figure 3.10, was
designed to hang from the top of the aluminum gas box with its face flush with the gas
box front. A polyethylene sheet 0.1 - 0.2 mm thick, on which the foils could be mounted,
was stretched across the frame. Because the frame was slightly warped, the originally
planned arrangement of foils could not be used. Instead, the slightly skewed arrangement
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shown in Figure 3.11 was used to account for the warped frame. Note that in Figure 3.11,
no warping of the frame is shown. The foils were mounted on the front side of the sheet
with mylar tape to minimize activation. Foils 91 and 92, marked with a double circle in
Figure 3.11, were cadmium covered. The flux perturbation due to the thin polyethylene
and mylar mounting are minimal.
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Top View
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Isometric View Front View Side View
Frame to be constructed from 0.635 cm aluminum rod.
All dimensions in cm.
Figure 3.10 Frame for Supporting Foils in Front of the Aluminum Gas Box
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Figure 3.11 Arrangement of Foils on Gas Box Frame
3.2.1.2 12CV1 Frame
For the measurement in thermal column vertical port 12CV1, the foils were also
mounted on a polyethylene sheet stretched over an aluminum frame. The 11.5" by 60"
frame constructed for Bahadir's measurements in 1993 was used. It is designed to rest on
two "feet" at the bottom of 12CV1. Twenty-four foils were mounted on the polyethylene,
again using mylar tape. Figure 3.12 shows the arrangement of foils on the frame. All
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foils were placed in the same vertical line because Bahadir's measurements showed that
the horizontal flux profile in 12CV1 is flat to within 10%.6 A high linear density of foils
was used in the region where Bahadir's measurements show a spike in the vertical flux
profile.
3.2.1.3 Frame Insertion
The two frames were inserted into their respective locations on Friday, March 24,
1995, several days after the reactor was shut down for maintenance. Several massive
shielding blocks had to be removed by Reactor Operations to access the thermal column
duct. Despite the fact that the reactor had been down for several days the dose rates in
these areas were extremely high. Surveys of the area are archived in RPO records. Before
any shield removal, the dose rate in the general area, i.e., 1 m above the top thermal
column shielding plug, was 1.0 mrem/hr. After removal of both thermal column shield
plugs, the dose rates in the general area and at the height of the first plug top were 150
and 300 mrem/hr, respectively. The dose rate in the thermal column duct at the elevation
of the 14 inch window was recorded at 1600 R/hr. On the reactor top, the dose rate
decreased sharply with distance from its peak immediately above the thermal column
duct.
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All Dimensions in cm
Figure 3.12 Arrangement of Foils on 12CV 1 Frame
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Before the frame was installed on the gas box, the area around the gas box was
photographed and videotaped by F. McWilliams and B. Sutharshan and the as-built
drawings of the area were verified by B. Sutharshan and B Hilton. When F. McWilliams
viewed the 14 inch window through a zoom lens on his camera from the reactor top, he
noticed that the window was filled with stacks of "bricks." As close-up photographs of
the window such as Figure 3.13 show, the identity of the material filling the window
could not be determined on the basis of its color. F. McWilliams reported that he could
see jogs (indentations) in the bricks, which indicated to him that the bricks are lead, since
MIT NRL has jogged lead bricks, but no graphite bricks shaped this way. F. McWilliams
also asserted that the 14 inch window was sagging. Deformation could be expected if the
contents of the window are lead since the 1/16" thick aluminum reentrant thimble
probably was not designed to carry such a heavy load. Unfortunately, the extent of the
deformation is not verified in any photographs. The videotape of the procedure gives a
clear, well-focused view of the contents of the 14 inch window.
When the aluminum frame bearing the foils was first lowered into position, it was
obstructed by a "brick" sticking out of the 14 inch window. J. DiCiaccio used a long rod
to push the brick back into the 14 inch window, out of the frame's way. He found that the
brick was heavy, "like lead." The frame was then lowered into place without further
incidents and the shielding blocks over the thermal column were replaced. When the
frame was inserted, a rabbit containing 6 gold foils was injected into 1PH1 for power
normalization.
When the shield block sealing 12CV1 was removed, the boral plate which is
normally attached at the bottom of the shield block (and serves as the ceiling of 12CV1),
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was found in the shaft. When Reactor Operations attempted to remove the boral plate, it
fell to the bottom of the shaft where it leaned against the rear wall. After it is was
determined that the boral plate could not be removed, the aluminum frame was lowered
to the bottom of 12CV1 and the shield block was replaced. The cadmium curtain was
fixed in a raised position for the irradiation.
"Bricks'
Figure 3.13 "Bricks" in the 14 inch window. The aluminum gas box is visible in the
lower half of the photo. The out of focus circles at the top of the photo are
bolts in the bulkhead seen in Figure 1.7. The outlines of the "bricks" are
barely visible in the shaft.
3.2.1.4 Irradiation
The foils were irradiated on Monday, March 27, 1995 for two hours at 50 kW.
The operator pulled rods at 6:13 PM. 50 kW was reached at 6:56 PM. The reactor was
shutdown at 8:56 PM. The condition of the core for this irradiation is shown in Table
3.5. The frames were removed the following day at approximately 3:00 PM. The rabbit
in 1PH1 was simultaneously withdrawn as the operator watched the reactor top from the
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control room. The foils were cut away from the frames and were stored overnight to
decay for safer handling.
An additional rabbit containing 6 gold foils was irradiated in 1PHI that week for 2
minutes at full power to provide the full power normalization. However, the foils in this
rabbit were unusable because of a dose rate of several hundred mR/h that persisted for
several weeks. Activation of antimony in the paper on which the foils were mounted is
believed to be the cause of the high dose rate. Consequently, several weeks later another
rabbit containing foils was irradiated at full power. This time the foils were mounted on
polyethylene in the rabbit to minimize activation. The rabbit was injected on April 21,
1995 at 3:59 PM and ejected at 4:01 PM. The timing uncertainty is 2-3% since the transit
time for a rabbit is 2 seconds each way. The 5 foils from this rabbit were counted on
April 24 after efficiency calibrating the germanium detector (MIT4).
3.2.1.5 Counting
The foils were counted on Wednesday, March 29, 1995 in the Environmental
Chemistry Lab on detectors MIT3 and MIT4, both HPGe detectors. Before the gold foils
were counted, the two detectors were efficiency calibrated using a National Institute of
Standards and Technology (NIST) Standard Mixed Radionuclide Source (SRM 4275-C)7
as described in Reference 8. The standard source (and subsequently the foils) was placed
on a holder about 15 cm away from the detector face to minimize summing errors.
Results of the efficiency calibrations are presented in Appendix B. Most foils were
counted for 2 minutes, yielding statistical errors ranging from 0.3% to 0.5%. The
statistical errors for the cadmium covered foils were somewhat higher at 2.4% and 3.2%.
Counting data are presented'in Appendix B.
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Table 3.5 Core Condition for Thermal Column Flux Measurement
Core Configuration # 120
Power 50 kW (Channel 7)
Shim Blade Height 22.68 cm (8.93 in)
Regulating Rod Height 4.06 cm (1.60 in)
H20 Temperature 24.9 oC
D20 Temperature 23.3 oC
D20 Shutter Tank Closed (Filled)
H20 Shutter Tank Closed (Filled)
3.2.2 Theory
This experiment was different than most flux measurements using foil activation
in that the foils did not measure a radiation field constant in time. Since no shutter could
control the flux of neutrons in the thermal column, the foils were irradiated as the reactor
came up to 50 kW, during the two hours that the reactor was held at 50 kW, and after the
reactor was shutdown. The time variation of the flux presents a difficulty that is resolved
by using foils in a reference position, e.g., 1PH1, during the experiment and later for a
measurement at full power to determine the measured fluxes. The reasons for the full
power measurement will be come more apparent in this section, which describes the
analysis used to derive neutron fluxes from the gold foil activities.
The rate of change of '9 8 Au atoms is given by the difference between production
and destruction:
dN1 = Noao(t)
- 
A,N (t) (3.6)
dt
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where Nl(t) = number of 198Au atoms at time t
No = number of 197Au atoms (assumed to be constant in time)
a = microscopic neutron absorption cross section for 197Au
•(t) = neutron flux at time t
', = radioactive decay constant of 198 Au
Using an exponential integrating factor and the initial condition that NI(0)=0, Eq. 3.3 is
easily integrated to yield
N, (t) = Nore- " dt'e-I' (t ") (3.7)
If the foils are irradiated between time zero and some later time tl, then for t2tl the upper
limit on the integral in Eq. 3.4 can be specified as tl:
N1 (t) = Note - L't dt`'e-"t'(t ")  (3.8)
However, the integral is still unknown because 0(t) is not specified. By assuming the flux
shape to be constant in time, the time dependence of the flux may be separated from the
spatial dependence so that the flux at a particular location (i.e., for a particular foil) may
be written as
q(t) = OT(t) (3.9)
with T(t) carrying the time dependence and ( a constant for each location (foil). The
activity of an irradiated foil measured at time t2 is then given by
A1(t2)= AN,(t 2)= INooe -'1I2' dt'e-'L'T(t') (3.10)
Taking the ratio of two foils' activities eliminates the unknown integral
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Aum(t 2 ) - NMM (3.11)
AR(t 2 ) NRQR
where the subscripts R and M designate the reference and measurement foils,
respectively. Introduction of appropriate conversion factors shows that the ratio of the
fluxes equals the ratio of the specific activities corrected for decay to an arbitrary time t2:
QM AM(t 2)/mMDm--=aM(t)m(3.12)
OR AR(t2 )/mR
Eq. 3.9 can be rewritten in a more convenient form so that the measured flux equals the
specific activity scaled by the power normalization factor (in parentheses)
AM(t 2)M  a (3.13)
M = M AR (t2 )/mR (3.13)
Later, the absolute flux at the reference position is measured under constant
operating conditions, for which Eq. 3.7 reduces to
A, (t2) = NoO RRe-1'2t -e-'t') (3.14)
Solving for the flux and converting No into mass yields
A,(t )MW
R = A(t 2)MW (3.15)
SmNAvre-'1t 1(1- e-'1ti)
where the molecular weight (MW) and Avagadro's number (NAv) have been introduced.
The absolute fluxes at the measurement positions are then recovered by multiplying the
specific activities by the power normalization factor as given in Eq. 3.10. The activity
corrected for decay to the reference time t2 is related to the measured count rate by
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e• '(-t ) CRA1(t2) = (3.16)
where tm = time of measurement
CR = count rate
y = branching ratio for 198Au
E = absolute detector efficiency
3.2.3 Results
Data from the foils were analyzed using the method described above in section
3.3.2. Spreadsheets used for the analysis are presented in Appendix B. Despite the very
low statistical error in the foil activities (typically 0.5%), the measured fluxes have
significant statistical errors due to other sources of error, i.e., weighing error (3%) and
power normalization error (7%). The large uncertainty in the power normalization factor
is due to variation within the set of specific activities measured for each rabbit. The high
power and lower power rabbit activities have statistical errors of 3.5% and 6%,
respectively. Placement of foils at the ends of the rabbit behind the thick polyethylene
endcaps is a likely source of error for the low power rabbit activities. Error bars
presented in figures on the following pages include counting error and weighing error, but
not power normalization error since the power normalization factor scales all of the
measurements together. Foil positioning error is not accounted for in any of the figures.
3.2.3.1 12CV1 Measurements
The flux profile measured in thermal column vertical port 12CV1 by the author is
compared with that measured by Bahadir 6 in Figure 3.14. Excellent agreement is found
in the upper portions of the curves, with most of the error bars overlapping above about
-50 cm. Below this point, the fluxes measured by the author are about 20% lower than
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those measured by Bahadir. This difference in shape is likely due to absorption by the
boral plate that was dropped into 12CV1. The position of the boral plate indicated on the
figure corresponds with the discrepancy in the two sets of measurements.
In Figure 3.15, the two measured flux profiles in 12CV1 are compared with
MCNP calculations done with the 14 inch window filled with graphite, filled with lead,
and empty. As should be expected, the calculation done with the window empty
produces fluxes much larger (-50%) than the measurements. In the lower portion of the
profiles (below -- 10 cm), the calculation done with graphite gives better agreement with
the measurement than the calculation done with lead; at nearly all points in this region,
the curve calculated for graphite falls between the two sets of measurements while the
curve for lead is about 20% lower. The upper portions of the calculated flux profiles
have a significantly different shape from the measured profiles. The measured flux
profiles are concave up, while the calculated profiles are concave down. The difference
in shape and magnitude of the measured and calculated fluxes suggests a minor error in
the upper portion of the thermal column model such as a missing shield plate or low
graphite density. Nevertheless, the agreement between the measured flux profiles and
those calculated with the window filled with lead and graphite are as good considering
that the composition and exact geometry of the system are not well known.
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3.2.3.2 Aluminum Gas Box Measurements
Figure 1.16 shows the neutron flux profile measured along the centerline of the
front face of the aluminum gas box, which will be the approximate location of the fission
converter. MCNP calculations of this quantity performed with the 14 inch window filled
with graphite, filled with lead, and empty are given for comparison. The calculations
done with the 14 inch window filled show fair agreement with the measurement; their
shapes are in general the same and their magnitudes are similar, with graphite giving
better agreement than lead. In the center of the 14 inch window, several of the points on
the vertical flux profile calculated for graphite overlap the measurements while the points
calculated with lead are approximately 25 - 30% lower. The flux profile calculated with
the window empty shows significant peaking and a higher magnitude, as expected. At its
peak, the vertical flux profile calculated with the 14 inch window empty is a factor of 2.2
times higher than measurement.
Measured and calculated horizontal flux profiles on the aluminum gas box are
presented in Figure 3.16 through Figure 3.18 for heights 9 cm above, on, and 9 cm below
the 14 inch window centerline. The calculations are done with the 14 inch window filled
with graphite, filled with lead, and empty. The three figures depict similar behavior of
the flux profiles at all three heights. As shown in Figure 3.19, the measured profiles tend
to peak just outside the 14 inch window and they are somewhat depressed within,
suggesting that the contents of the window are slightly more absorbing than the
surrounding graphite. The flux profiles calculated with the window filled with graphite
peak in the center of the window and thus have a different shape than the measurements.
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However, because their magnitudes are higher and closer to the measurements (-15%
low), the flux profiles calculated with the window filled with graphite provide better
agreement than those calculated with lead. Compared to the profiles calculated with
graphite, the profiles calculated with lead are lower (-40% below the measurements) and
more flat. As expected, the flux profiles calculated with the window empty show much
greater peaking and magnitude than the other profiles. The profiles calculated with the
window empty are, at their maxima in the center of the window, about 2 times higher
than the measurements.
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Figure 3.17 Calculated and Measured Horizontal Neutron Flux Profiles on the
Aluminum Gas Box Face on the 14 Inch Window Centerline
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Figure 3.19 Measured Horizontal Neutron Flux Profiles on the Aluminum Gas Box
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142
I
Chapter 3: Reactor Model Validation
3.3 Conclusions
In this chapter, the validity of using the Monte Carlo model of MITR-II as a basis
for fission converter beam design calculations has been established. Since the core and
medical beam regions of the model were already well validated, it was necessary only to
examine the performance of the model in the thermal column region. Specifically,
simulations were compared with gold foil activation measurements of the neutron flux in
the horizontal throughports 4TH1-3 and 4TH2-4, on the aluminum gas box where the
converter fuel will be located, and in thermal column vertical port 12CVI. Because the
content of the 14 inch window is unknown, each measurement was compared to three
MCNP simulations, one with the 14 inch window empty, one with the window filled with
graphite, and one with the window filled with lead. For all of the locations in the thermal
column, the fluxes calculated with the window empty were significantly higher and more
strongly peaked than the measurements and results for the other two calculations.
Calculations done with graphite and lead showed reasonable agreement with experiment,
and support the hypothesis that graphite or lead blocks are in the 14 inch window. In
general, calculations done with graphite give better agreement than those done with lead,
although the difference is not large enough to draw any conclusions about the
composition of the 14 inch window. The planned removal of the contents of the 14 inch
window may impact silicon production capabilities by slightly reducing the flux in
throughports 4TH1-3 and 4TH2-4.
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CHAPTER FOUR
Fission Converter Design
4.0 Introduction
The fission converter, which is the source of fast neutrons for the epithermal
neutron beam, will be located in the vertical duct of the M1TR-II thermal column centered
between the two main coolant pipes. The converter will also be centered on the emptied*
14 inch window through the graphite reflector to maximize the thermal flux seen by the
converter. Thermal neutrons from the MITR-II core incident on the fission converter
induce fission in the fuel, effectively converting the thermal neutron flux into a fast flux.
Fast neutrons from the converter are then moderated down to epithermal energies and
filtered to produce the desired energy beam (i.e., 1 eV to 10 keV) by the filter/moderator,
which is composed of resonance scattering materials. At the end of the filter/moderator, a
thin layer of cadmium removes thermal neutrons from the beam and a layer of bismuth
reduces photon contamination to negligibly low levels. The epithermal neutron beam is
then collimated onto the patient or target position with a long (-~ 1 m) cavity lined with a
suitable high mass scattering material such as nickel or lead. A shutter composed of
cadmium or another highly absorbing material located on the core side of the fission
* All calculations in chapters 4 and 5 assume that the contents of the 14 inch window through the graphite
reflector have been removed.
145
Neutronic Design of a Fission Converter-Based Epithermal Beam for Neutron Capture Therapy
converter and a fast acting shutter in the collimator region will provide control of the
beam with reactor scram as the ultimate backup. Figure 4.1 shows a schematic of an
early fission converter beam design.
Design of the fission converter beam is a complex, multidimensional optimization
problem. Because the neutronic performance of the different components of the beam are
so intimately connected, analysis of the different components cannot be done separately
but must rather be done in terms of the overall performance of the beam. For this reason,
only the figures of merit for beam performance at the patient position, i.e., epithermal
neutron flux and specific fast neutron and gamma dose rates and ultimately advantage
parameters determined in a suitable target, e.g. a head phantom, should be used for beam
design. While other figures of merit such as the fission converter power provide good
information about the behavior of the system, optimization of these parameters will not
result in the optimum epithermal neutron beam. In fact, there are several instances where
changes to the beam design increase the fission converter power, and hence its neutron
production rate, but decrease the epithermal neutron flux at the patient position.
In spite of the functional inseparability of the fission converter beam components,
their designs must be optimized independently because radiation transport calculations
require too much computer time to execute multidimensional parameter searches.
Therefore, a combination of physical intuition and parametric studies have been used to
design the fission converter beam.
The first component in the design to be considered is the fission converter,
including the fuel, coolant, tank, and associated structures. As the fast neutron source for
the epithermal beam, the fission converter should have a high neutron output, which
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implies a high converter power, and a suitable, slightly-moderated spectrum. A little
moderation in the converter is advantageous because the specific fast neutron dose will be
reduced significantly with little loss in epithermal intensity. However, too much
moderation will degrade the beam.
ient
Ltion
Figure 4.1 Schematic drawing of an early design for the fission converter beam.
In addition to the performance criteria mentioned above, the fission converter
design must meet safety requirements. First, the converter should have an eigenvalue (kff)
much less than 1 to avoid any question of criticality. Second, the converter and its cooling
system should maintain fuel integrity under credible scenarios of operator or equipment
failure. Fuel integrity is assured by natural convection cooling of the fuel, which is
enclosed in a double walled tank with leak detectors between tanks. The outer
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tank will retain the coolant and keep the fuel covered if the inner tank fails. Coolant in
the fission converter tank will be cooled by a heat exchanger connected to the MITR-II
cooling tower through the reactor's secondary cooling system. The heat capacity of the
coolant in the fission converter tank is large enough that if the pump driving the coolant
through the heat exchanger fails, then many minutes (i.e., more than 100) would have to
elapse before fuel damage occurs, allowing plenty of time for mitigating action such as
lowering the cadmium shutter to reduce power. Results from this chapter provide much
useful data for engineering design calculations of the fission converter.
In this chapter, the general design of the fission converter is considered and many
of the fission converter design parameters and their impact on neutronic performance are
discussed. First, a preliminary estimate of the thermal neutron flux at the location of the
fission converter is presented. Next, the selection of the nuclear fuel used in the
converter is described. Then, design studies of the fission converter and its holding tank
using the Monte Carlo model of the fission converter beam are discussed. The effect of
closing the cadmium shutter on the converter power and beam output was also analyzed.
Finally, the effect of removing part of the graphite reflector to enlarge the 14 inch
window and increase the thermal flux incident on the converter was determined.
4.1 Estimate of Thermal Flux at the Fission
Converter Location
Before Monte Carlo calculations with the MITR-II core model were begun, an
initial estimate of the thermal flux at the location of the fission converter was made by
interpolating between points in the reactor where the thermal neutron flux is known,
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either by measurement or by diffusion theory calculations. This estimate of the thermal
flux provided a simple way of estimating the power produced in the fission converter and
its neutron output, as discussed in section 4.2. Data points under the core,' at the edge of
the D20 tank,' in horizontal throughport 6TH1,2 and in thermal column vertical port
12CV13 were used. Linear regression of the logarithms of the thermal flux as a function
of distance from the core provided a line for interpolating the thermal flux values at the
locations of the graphite reflector edge and the cadmium shutter, where the fission
converter will be located. Table 4.1 lists the flux values at these positions along with
values obtained from regression. The letter in column 3 of Table 4.1 indicates whether
the value is calculated or measured. The flux data are plotted with the regression line as a
function of distance from the core in Figure 4.2. Using this interpolation technique, the
thermal neutron flux at the location of the cadmium shutter was estimated to be 2.3 x 1012
n/cm2s. As Figure 4.2 shows, this simple technique fits the data reasonably well. Later
the neutron flux on the aluminum gas box was measured at 1.0 x 1012 n/cm2s (see
Chapter 3), demonstrating the effectiveness of this method. The results are for a radial
line centered on the middle of the 14 inch window in the graphite reflector and
originating at the central vertical axis of the MITR-II core.
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Table 4.1 Thermal Flux Regression Analysis
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Measured or RegressionDistance
Position Calculated Estimate of
Thermal Flux Thermal Flux
cm n/cm2s n/cm2s
Under Core 0 1E+14 (C) 9.9E+13
D20 Tank Edge 61 2E+13 (C) 1.6E+13
6TH1 71 8.4E+12 (M) 1.1E+13
Graphite Edge 100 - 4.7E+12
Cadmium Shutter 124 - 2.3E+12
12CV1 164 7E+11 (M) 6.8E+11
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Beam for Neutron Capture Therapy
Under Core Tank
1014
r-"
O
0
Id0;
z..
1013
1012
10 l l
0 20 40 60 80 100 120 140 160 180
Distance from Core [cm]
Figure 4.2 Regression analysis of thermal flux data to estimate the thermal neutron
flux at the location of the fission converter, i.e., the current location of the
cadmium shutter. Results are for a radial line centered on the 14" opening
in the graphite reflector.
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4.2 Fuel Selection
Initially, two types of nuclear fuel were considered for the fission converter, fuel
elements from the converter plate at the JANUS reactor at Argonne National Laboratory
and MITR-II fuel elements.
4.2.1 JANUS Fuel
Fuel elements from the JANUS reactor fission converter are available for use at
other facilities under a Department of Energy Loan of Material Agreement. The
elements, as Figure 4.3 illustrates, are composed of 4.725 kg 19.75% enriched uranium
plates with two trapezoidal stainless steel inserts encapsulated in a stainless steel
envelope backfilled to 1/3 atmosphere with helium.4 These elements have decayed
significantly since their last irradiation and would provide significant handling
advantages over MITR-II fuel during installation of the fission converter. However, these
fuel elements were designed for low power operation in the converter at the JANUS
reactor, where the thermal flux was 1 x 109 n/cm 2s. 5 The expected thermal flux incident
on the MIT fission converter is 2 x 1012 n/cm2s, implying a fission rate 2000 times higher
than at the JANUS reactor. In the higher flux environment of the MIT thermal column,
buildup of fission product gases could cause swelling of the stainless steel envelope and
the physical form of the JANUS converter fuel could potentially swell. For this reason,
the JANUS reactor converter fuel was rejected as a candidate for use in the MIT fission
converter. Nevertheless, initial fission converter beam design calculations using the
JANUS reactor converter fuel will be presented in Chapter 6. It is interesting that the
Brookhaven National Laboratory, which is designing a similar fission converter based
153
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Beam for Neutron Capture Therapy
epithermal beam, plans to use JANUS fuel for its converter although they are aware of
potential shortcomings.
F-
SS Insert
19.75% Enriched Uranium
iI
103.19 99.06
Figure 4.3 JANUS Reactor Fission Converter Elements. All dimensions in cm.
4.2.2 MITR-II Fuel
A description of the MITR-II fuel elements is provided in Chapter 1. In order to
show that MITR-II fuel can withstand the conditions, i.e., the power level, in the
converter, the power produced in the fission converter was initially estimated using the
thermal flux at the converter location determined in section 4.1. For this calculation, the
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fission converter was composed of a row of 12 fresh MITR-HI fuel elements oriented with
their plates pointing (roughly) toward the core. The thermal neutron flux incident on the
converter was assumed to be spatially invariant with a value of 2.3 x 1012 n/cm2s. Spatial
invariance of the flux is certainly not true, but it is a reasonable approximation for a rough
calculation such as this one. Calculation of the attenuation (considering only the fuel
meat) experienced by a parallel thermal neutron beam incident on an MITR-II fuel
element shows that about 86% of the neutrons will be absorbed. Of those neutrons
absorbed, f=-f/da (about 0.85) will induce fission. The active area presented by the
converter is 4769 cm2. The product of the thermal flux, converter area, the thermal
utilization factor f, the absorption factor, and the energy per fission, Q, yields the power
P=th- A (0.86)Q (4.1)
a
which is calculated at 260 kW. Operation at this power level (21 kW per element in the
converter) is certainly safe for the fuel assuming adequate cooling, since the MITR-II core
operates at an average power density ten times higher than this, at 208 kW per element.
In the following sections, transport calculations using the Monte Carlo model of the
MITR-II core will predict the fission converter power much more accurately.
4.3 Converter and Tank Design
Neutronic analyses of the fission converter design include parametric studies of
the converter fuel loading (i.e., burnup), moderator layer thickness around the converter,
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and holding tank thickness. The effect of coolant and the configuration of the fuel is also
analyzed. In addition, the impact of placing reflectors around the converter is evaluated.
4.3.1 Tank Design
Since the design of the fission converter tank has evolved significantly in the
course of this work, the four primary designs of the fission converter and its holding tank
will be presented first. In later discussions of parametric studies, the reader will simply
be referred to the appropriate design.
The reader should be aware that because the fission converter and beam design
evolved and improved as these analyses were completed, the parametric studies presented
in this thesis were not all carried out with exactly the same design. Hence, although each
study is self-consistent, comparison of results from different sets of calculations may be
somewhat misleading and should be made carefully.
4.3.1.1 Design 1
The initial fission converter design was composed of a row of 12 MITR-II fuel
elements enclosed in a single parallelogram-shaped, close-fitting, 0.635 cm (0.25 in.)
thick aluminum tank. This tank thickness was recommended by Reference 6. In this
design, the converter is centered on the 14 inch window by locating the midpoint between
the centers of the sixth and seventh elements in the array on the centerline of the window.
The front edge of the converter tank is located 4.676 cm from the edge of the graphite
reflector. The filter/moderator is flush with the rear edge of the converter tank. Figure
4.4 shows a plan view of this fission converter design with relevant dimensions. In the
vertical direction, the tank model extends 57.5 cm from the converter center to the edge
of the reflector. This height of coolant above and below the converter is believed to
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provide a sufficient albedo. Figure 4.5 provides a close-up view of this converter design,
clearly showing the coolant gaps and spacing between fuel elements.
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Figure 4.4 Plan view of fission converter Design 1. The area enclosed by the dashed
rectangle is enlarged in Figure 4.5. All dimensions in cm.
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0.05461 - 0.05641
0.04E
Figure 4.5 Close-up view of Fission Converter Design 1. Coolant gaps between the
elements and the tank and between the elements themselves are minimal.
Although this design does not include a complete cooling system, this is not
necessary for initial neutronic analysis of the converter since the addition of cooling
channels or piping in the proper location has a small impact.
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4.3.1.2 Design 2
The second fission converter design was used primarily in parametric studies of
the aluminum tank thickness and the thickness of the layers of moderator in front of and
behind the fuel. This design is very similar to the first, but as Figure 4.6 illustrates, there
are a number of differences. First, the distance between the graphite reflector and the
fission converter was increased to 8.874 cm to allow more space for a shutter in front of
the converter. The thickness of the tank side plates are increased to 2.0 cm for increased
strength, but the front and rear plate thicknesses vary. The front and rear water gap
thicknesses are also variable. Figure 4.7 shows a close-up view of the second fission
converter design. Again, the tank extends vertically to the edges of the reflector around
the filter/moderator.
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Figure 4.6 Plan view of fission converter Design 2. The area enclosed by the dashed
rectangle is enlarged in Figure 4.7. All dimensions in cm.
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Front Rear
Front Water Water Rear
All dimensions in cm.
Figure 4.7 Close-up view of Fission Converter Design 2. The front and rear tank
plate and water gap thicknesses vary for parametric studies.
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4.3.1.3 Design 3
As a result of structural mechanics calculations by Balendra Sutharshan, the third
fission converter design is significantly more realistic than the first two. The design,
illustrated in Figure 4.8, employs a rectangular double-walled aluminum fuel tank whose
front edge is located 8.715 cm from the aluminum gasket which forms the gas seal around
the graphite reflector. The outer tank is 1.27 cm thick with a 0.635 cm gap between it and
the inner tank, which is 1.905 cm thick. A 0.635 cm thick aluminum plate separates side
flow channels from the fission converter flow path. Coolant would flow down the side
channels into a plenum beneath the converter. Behind the fuel elements is a 0.635 cm
thick aluminum plate that can support the elements. Between this plate and the inner tank
is a 1.0 cm gap that can be filled with either coolant (moderator) or an aluminum plate. If
the coolant is H20, the aluminum plate is usually used to reduce thermalization and
absorption. Figure 4.9 provides a close-up plan view of the third fission converter design.
A vertical cross section of this design is shown in Figure 4.10.
163
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Beam for Neutron Capture Therapy
I 14 Inch
34.925 Window
Figure 4.8 Plan view of fission converter Design 3. The area enclosed by the dashed
rectangle is enlarged in Figure 4.9. All dimensions in cm.
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Figure 4.9 Close-up view of Fission Converter Design 3. All dimensions in cm.
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Figure 4.10 Vertical cross section of fission converter design 3.
4.3.1.4 Design 4
The fourth and final fission converter design, shown in Figure 4.11, represents the
most up-to-date design and has significant improvements over the third design. Because
of side channel flow area requirements, this design allows space for only 11 fuel
elements. This design employs a trapezoidal double-walled tank located 11.58 cm from
the graphite reflector's aluminum gasket. The distance between the reflector and the
holding tank was increased from the previous design to allocate even more space for a
shutter in front of the converter. The trapezoidal shape better fills the space in the
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thermal column duct between the main coolant pipes (which bend over at the top of the
duct--see Figure 1.10) and thus provides better shielding than a rectangular tank.
Compared to earlier designs, the thickness of the front inner tank plate was able to be
reduced without causing unacceptably large deformation (bowing) by increasing the
thickness of the back and side plates and by using a cross-tie between the fifth and sixth
fuel elements. The inner tank is 2.54 cm thick except for the front plate, which is 0.625
cm thick. The outer tank is 0.635 cm thick. The spacing between the elements was
increased from 0.05 cm to 0.16 cm. The triangular spaces between the side flow channels
and the end fuel elements are filled with coolant. Figure 4.12 shows a close-up view of
this converter design.
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Figure 4.11 Plan view of fission converter Design 4. The area enclosed by the dashed
rectangle is enlarged in Figure 4.12. All dimensions in cm.
168
Chapter 4: Fission Converter Design
35
0.
Figure 4.12 Close-up view of Fission Converter Design 4. All dimensions in cm.
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Figure 4.13 Vertical cross section of Fission Converter Design 4.
4.3.2 Fuel Loading and Coolant
Because the effects of fuel loading and coolant on the performance of the fission
converter beam are so inextricably linked, it is better to consider their effects together
rather than separately. Burned elements from the MCNP model of MITR-II core number
107B (July 28, 1992) were used to simulate different converter fuel loadings. The
modeling of the burned fuel elements is described in Reference 7. Burned elements with
312, 367, or 421 g 235U per element were used as well as fresh fuel which has 510 g 235U
per element. Two coolants, H20 and D20, were used in this study. Some results for an
air-cooled converter, which was considered only to see the effect of water cooling, are
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presented in section 5.1.2.2. The fourth (and final) fission converter design was used in
this study with the "standard" filter (chosen for the final beam design) composed of 68
cm 70% AIF3/30% Al + 2 cm Ti. This beam employs an 8 cm thick bismuth photon
shield and a rectangular collimator lined with a 15 cm thick layer of lead. The
filter/moderator is surrounded by a 10 cm thick lead reflector.
Two series of Monte Carlo calculations are presented in this study. The first
series calculates fission converter power and beam performance parameters by
transporting the thermal column surface source through the fission converter beam. The
next series of calculations examines the criticality of the converter alone and of the
coupled core-converter system. The power distributions calculated with the thermal
column surface source are then compared to the distributions calculated with the coupled
core-converter criticality runs to demonstrate the validity of the more convenient and
efficient surface source approach to fission converter calculations.
4.3.2.1 Beam Performance
Using the thermal column surface source, the fission power, three-group neutron
flux, current, and dose rates at the patient position were calculated for each of the
combinations of coolant and fuel loading. Incident photon dose rates were calculated for
the highest burnup and fresh fuel cases as well. Table 4.2 lists the results of the
calculations. The statistical error of each quantity (one standard deviation) is given on the
line below the value. Fission power is tallied not only because the fast neutron
production rate is proportional to the power, but also because knowledge of the power
production is essential for thermalhydraulic simulation of the fission converter. The
neutron flux is tallied in three energy bins (4th - thermal, 0 to 1 eV; (epi - epithermal, 1 eV
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to 10 keV; f - fast, 10 keV to 20 MeV). The ratios of the neutron current to neutron flux
indicate the degree of directionality of a beam. The neutron current J is defined by a
vector sum of neutron velocity times neutron density in phase space over all neutron
directions
J(F,E) = di~ vn(f,E,E ) (4.2)
4z
where 7 = Position
E = Neutron energy
= Neutron direction (Q = /Il)
v = Neutron speed
n(7,E,9) = Neutron density in phase space
while the neutron flux is only a scalar sum
(r,E)= Jdf2vnQ(,E, ) (4.3)
47r
Note, however, that in MCNP the quantity actually tallied is not the vector quantity J,
but rather the current across a surface, J-n, where n^ is the surface normal vector. The
tallied quantity is then
J(', E) = fdi.di-vn(r,E,~i) (4.4)
4Kr
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For a parallel beam, J/0 equals unity, but for a less collimated beam, J/4 is less than one.
As for all in-air figures of merit presented in this thesis, unless otherwise indicated, the
current is averaged over the surface area of the beam delimited by the collimator.
The fast neutron and photon dose rates, (Df and Dr), are given for most
configurations, but more useful figures of merit are the specific fast neutron and photon
doses, defined by Dfn/Iepi and Dy/epi. Because they are normalized to the epithermal flux,
the specific doses provide a relative measure of beam contamination that is independent
of the beam intensity.
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In the systems with D20 cooling the fission converter power ranges from 78.1 kW
with the highly burned elements to 102.9 kW with fresh fuel elements. For the systems
with H20 cooling, the power ranges from 83.1 to 124.9 kW. Figure 4.14 shows the
fission converter power as a function of fuel loading for both H20 and D20 cooling.
Note that the slope of the H20 regression line is about 2 times greater than the D20
regression line. The fission converter produces more power with H20 cooling than with
D20 cooling because H20 has a higher moderating powert than D20. That is, because the
scattering cross section of H is, in the slowing down energy range, 6 times larger than that
of D and because its mass is smaller than that of D, it moderates neutrons much more
rapidly than D. Table 4.3 lists slowing down parameters for H20 and D20. For H20
cooling, increasing the fuel loading from 312 to 510 g 235U per element results in a 50%
increase in power whereas for D20 the power increase is only 38%. The greater power
loss due to burnup with H20 cooling is most likely caused by spectral effects. The higher
degree of thermalization in the H20 cooled systems probably increases parasitic
absorption by fission products more than in the D20 cooled systems.
Table 4.3 Slowing down parameters for H2 0 and D2 08
Moderator ....... s s/a
g/cm cm -
H20 0.920 1.0 1.35 71
D20 0.509 1.1 0.176 5670
t Moderating power is the product of the average logarithmic energy decrement (4) and the macroscopic
epithermal scattering cross section (j,).8
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Figure 4.14 Fission converter power as a
cooling.
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[g 235U per Element]
function of fuel loading for H20 and D2 0
Despite the fact that the power, and hence neutron production rate, is greater in
the HO20 cooled systems, the epithermal flux at the patient position is, on average, about
40% higher in the D20 cooled systems. In the D20 cooled systems, the epithermal flux
ranges from 1.3 x 1010 n/cm2 s with the most burned fuel to 1.7 x 1010 n/cm2s with fresh
fuel. The epithermal flux of the H20 cooled systems varies from 8.5 x 109 to 1.3 x 1010
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n/cm2 s. Epithermal neutron flux at the patient position is plotted versus fuel loading for
H20 and D20 cooling in Figure 4.15.
For both coolants, the increase of the epithermal flux with fuel loading is
commensurate with power, which is proportional to the fast neutron generation rate.
Table 4.4 lists in-air figures of merit normalized to fission converter power to emphasize
spectral differences. Figure 4.16 shows that for each coolant the epithermal neutron flux
per unit power does not vary with fuel loading. The regression lines for H20 and D20 are
flat, indicating that differing burnup does not significantly affect the neutron spectrum.
On average the epithermal flux per unit power for the D20 cooled systems is 1.65 x 108
n/cm2kJ, 60% higher than the value for H20 cooling, 1.03 x 108 n/cm2kJ. The constant
flux per unit power for the fast and thermal energy bins also confirms that burnup does
not affect relevant portions of the neutron spectrum significantly. Although it will later
be shown that the thermal neutron flux per unit power exiting the converter varies
significantly with burnup, none of those thermal neutrons reach the patient position
because of attenuation in the cadmium filter and elsewhere. The thermal flux at the
patient position arises from downscatter of epithermal neutrons near the collimator.
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Figure 4.15
[g 235U per Element]
Epithermal neutron flux at the patient position as a function of fission
converter fuel loading for H20 and D20 cooling.
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Epithermal neutron flux per unit power as a function of fission converter
fuel loading for H20 and D20 cooling.
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Table 4.4 In-Air Beam Performance Parameters Normalized to Converter Power
Fuel
Run ID Coolant Loading Power fth/P epi/P 4f/P Df/P D/P
g U per kW n/cm2kJ n/cm2 kJ n/cm2kJ cGy/kJ cGy/kJ
Element
STD473 D20 312 78.1 1.2E+07 1.7E+08 1.5E+06 2.2E-03 1.7E-03
0.2% 2% 1% 3% 1% 2%
STD521 D20 367 86.0 1.2E+07 1.6E+08 1.4E+06 2.1E-03
0.2% 2% 1% 3% 2%
STD522 D20 420.6 93.0 1.2E+07 1.7E+08 1.4E+06 2.1E-03
0.2% 2% 1% 3% 1%
STD474 D20 510 102.9 1.2E+07 1.6E+08 1.3E+06 2.1E-03 1.6E-03
(Fresh) 0.2% 2% 1% 2% 1% 1%
STD475 H20 312 83.1 6.8E+06 1.0E+08 1.3E+06 1.8E-03 1.1E-03
0.2% 2% 2% 4% 2% 2%
STD523 H20 367 94.6 7.0E+06 1.0E+08 1.2E+06 1.8E-03
0.2% 2% 1% 3% 2%
STD524 H20 420.6 106.7 7.1E+06 1.0E+08 1.3E+06 1.8E-03
0.2% 2% 1% 2% 1%
STD476 H20 510 124.9 7.0E+06 1.0E+08 1.3E+06 1.8E-03 1.1E-03
(Fresh) 0.2% 2% 1% 2% 1% 2%
Like the epithermal flux per unit power, the specific fast neutron doses (/bf/4 epi)
for the two different coolants differ, again showing evidence of spectral differences. The
specific fast neutron doses for the D20 cooled systems vary little (6%) from their average
of 1.29 x 101 1 cGy cm2/n. The H20 cooled systems likewise show little variation (2%) in
specific fast neutron dose with burnup. The average specific fast neutron dose for the
H20 cooled systems, at 1.76 x 1011 cGy cm2/n, is 36% higher than for the D20 cooled
systems. The specific fast neutron doses are plotted along with the specific photon doses
versus fuel loading in Figure 4.17. The difference in the specific fast neutron doses for
the two coolants is a spectral effect that will be discussed shortly.
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Figure 4.17 Specific fast neutron and photon doses at the patient position as a function
of fission converter fuel loading for H20 and D20 cooling.
As Table 4.2 indicates, the specific photon dose (D/Jpi) also varies little with
burnup or type of coolant; all of the points calculated are very near 1.0 x 10~' cGy cm 2/n.
The slightly higher (4%) specific photon doses of the H20 cooled systems compared to
D20 cooled systems may be attributed to the higher degree of thermalization of the
spectrum emerging from the H20 cooled converters.
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Figure 4.18 shows the spectra emerging from the converter incident on the tank
and filter/moderator for both H20 and D20 cooling. The neutron spectra shown are the
partial current spectra (J+(E)) in the direction of the patient position calculated at the
plane separating the coolant from the rear inner tank plate. The current spectra were
tallied with equilethargy energy bins (10 bins per decade) inside a 20 cm radius circle
centered on the fission converter. The 312 g fuel elements were used in the fission
converter for these calculations. The features of these two spectra reveal a great deal
about the differing neutronic performance of these two coolants. Around the fission
spectrum, i.e., above 1 MeV, the two spectra are very similar; the values for D20 are only
slightly higher because the cross section for deuterium is not much smaller than the
hydrogen cross section. At 1 MeV, at is 2.87 b for deuterium and 4.26 b for hydrogen.
The total cross sections for both isotopes decrease to about 1 b at 10 MeV. Below 1 MeV
the two spectra begin to differ significantly. From the peak of the fission spectrum
around 2 MeV, the H20 spectrum drops very rapidly until about 100 keV, where it
follows a much more shallow slope down through the slowing down region to the edge of
the thermal Maxwellian. The D20 spectrum, however, drops much more slowly from the
peak of the fission spectrum down to about half the value of the H20 spectrum
immediately above the thermal Maxwellian. Between the point where the two spectra
cross, at 100 eV, to the peak of the fission spectrum, the D20 spectrum is significantly
larger than the H20 spectrum; the ratio of the integrals of the partial currents from 100 eV
to 1 MeV is 1.83. Prominent depressions in both spectra visible at 35 and 88 keV
correspond to large scattering resonances in the aluminum cross section.
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Figure 4.18 Partial neutron current spectrum at the interface between the converter
coolant and the inner tank in the direction of the patient position. For
burned fuel with the standard Al/AlF 3 filter, the partial current is 34%
higher with D20 cooling than with H20 cooling. Both spectra are
normalized to 5.0 MW reactor power.
The lower rate of decrease in the D20 spectrum (with decreasing energy) is due to
the lower scattering cross section and higher mass of deuterium relative to hydrogen. By
100 keV, the hydrogen total cross section has risen to near its epithermal plateau value of
20.5 b which is constant down to about 0.1 eV. The total cross section for deuterium is
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likewise constant, at 3.4 b, from about 1 MeV down to 0.1 eV. For kinematic reasons,
the isotopes masses as well as the cross sections are important in determining the shape of
the spectrum. Since the minimum ratio of exiting to incident neutron kinetic energies in
an elastic collision is given by
= A-I•2  (4.5)
hydrogen, with A=1, can lose all of its energy while deuterium, with A=2, can lose a
maximum of 89% of its energy. Table 4.3 give the average logarithmic energy
decrements for H20 and D20. Thus, because the deuterium cross section is lower and the
average energy loss for collisions with deuterium is lower, the slowing down density for
D20 is much lower than for H20.
The power calculated for these configurations, 78.1 kW for D20 cooling and
83.1 kW for H20, imply that, at least in the fuel, the thermal flux is greater for H20
cooling than for D20. However, the thermal current emerging from the converter in the
D20 spectrum is about 50% greater than the thermal current in the H20 spectrum. This
suggests that the higher scattering and absorption cross sections of H20 cause significant
attenuation of neutrons between the fuel and the inner tank. Both components of the total
H20 cross section contribute to reducing leakage from the converter so that the total
partial current in the forward direction is 34% greater for D20 than for H20.
Figure 4.19 shows the partial neutron current spectra per unit power for D20
cooling with burned and fresh fuel calculated at the same location as for Figure 4.18.
Figure 4.20 depicts similar power normalized current spectra for H20 cooling. A few
features of these spectra are noteworthy. First, for each coolant, the power normalized
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spectra are virtually identical above the thermal region since the number and spectrum of
neutrons produced per unit power is the same regardless of burnup. Another contributing
factor is that the uranium and fission product cross sections do not influence this region
of the spectrum very much. In the thermal energy region, the power normalized spectra
for burned fuel are significantly higher than for fresh fuel because the lower 235U density
in burned fuel requires a larger thermal flux to achieve an equivalent normalized power.
The differing spectra for the two coolants also provide an explanation for the
higher epithermal fluxes and lower specific neutron doses of the D20 cooled systems.
Above about 1 MeV, the partial current spectra for the two coolants are nearly the same;
over this energy range the partial current for D20 is only 4% higher than for H20. Since
the neutron KERMA factors are highest at these neutron energies and varying
approximately as Eo.5-1 (see Figure A.26), the fact that the H20 spectrum drops rapidly
compared to the D20 spectrum below these energies has a small impact on the relative
dose rates. Normalizing the fast neutron dose rates to the fission converter power shows
that the harder spectrum and higher current for D20 result in somewhat higher fast
neutron dose rates per neutron produced (18% on average) than for H20. Dfi/P is listed
for each configuration with other power-normalized quantities in Table 4.4 and plotted as
a function of fuel loading in Figure 4.21. Although the D20 spectra are harder, higher
fission converter power in the H20 cooled systems leads to absolute fast neutron dose
rates that are about the same for the two coolants for a given fuel loading. In fact, as
Table 4.2 indicates, the absolute fast neutron dose rates at the patient position are, at each
fuel loading, less than 10% different for H20 and D20.
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Partial neutron current spectrum per unit fission converter power at the
interface between the converter coolant and the inner tank in the direction
of the patient position. The two spectra are for D20 cooling with fresh and
burned fuel.
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Figure 4.20 Partial neutron current spectrum per unit fission converter power at the
interface between the converter coolant and the inner tank in the direction
of the patient position. The two spectra are for H20 cooling with fresh and
burned fuel.
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Figure 4.21 Fast neutron dose rate per unit power as a function of fission converter
fuel loading for H20 and D20 cooling.
In the lower half of the epithermal energy range (1 eV to 100 eV), the spectrum is
higher for H20 than for D20, while in the upper half of the epithermal range (100 eV and
10 keV), D20 is higher, resulting in a 20% higher partial current incident exiting the
converter for D20 than for H20. Neutrons in the lower half of the energy range, where
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the H20 spectrum is higher, are more likely to be scattered out of the epithermal range
than those neutrons in the upper half of the range since they have less energy to lose to
slow down out of the epithermal energy range and because they encounter higher cross
sections. Also, in the two decades above the epithermal range, where most of the
scattering resonances in the filter/moderator occur, the partial current is 80% higher for
D20 than for H20. Since these neutrons are the slowing down source for the epithermal
range, they are also likely to contribute to the epithermal flux. The sum of these effects is
an increase in the difference in the epithermal flux for the two coolants from 20% at the
inner tank edge to 40% at the patient position.
Hence, because H20 moderates useful portions of the spectrum much more than
D20 without significantly reducing the highest portion of the spectrum, the harder D20
spectrum actually results in a higher intensity and higher quality beam than the over-
moderated H20 spectrum. Since the fast neutron dose rates do not differ much for the
two coolants, the higher epithermal fluxes for D 20 cooled systems result in lower specific
fast neutron doses.
Although these results indicate that neutronically D20 coolant performs much
better than H20, using D20 has a few disadvantages. The chief disadvantage of heavy
water is its high cost, of about $100/kg; 9 also it can only be obtained from Canada. A low
cost, less pure form of heavy water containing about 10% H20 might be used without
significant loss in performance over D20. Another disadvantage of D20 is that tritium
production in heavy water and concern for degradation by atmospheric moisture would
require a D20 cooling system to be closed. However, since the power density in the
converter is more than 10 times lower than in the MITR-II core and since it would not
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operate full-time, the converter tank would rarely require opening for fuel management.
Because the enhanced performance achieved with D20 offsets the associated engineering
difficulties, it is recommended that a D20 cooling system be used in the converter.
4.3.2.2 Criticality and Power Distributions
After investigating the fission converter beam performance for different coolant
and fuel loadings, the criticality of both the fission converter alone and the coupled core-
converter system were examined over the same range of design parameters. Not only
will this study provide criticality information on the converter and its interaction with the
core, but comparison of the power distributions calculated here with those calculated in
section 4.3.2.1 using the thermal column surface source will also verify that the surface
source method of calculation is equivalent and correct.
To calculate the eigenvalue of the fission converter alone, a criticality calculation
of the fission converter beam and core albedo model was performed using the kcode
option of MCNP. The 2310 initial source points were generated with the KSRC program
written by E.L. Redmond II to generate source points for M1TR-II fuel. At least two
source points were positioned in each cell containing fissile material. 150 kcode cycles
were run with nominally 3000 particles per cycle. The first 10 cycles were inactive to
allow the power shape to reach equilibrium before tallying was begun. No weight
windows were used for the criticality calculations of the fission converter alone because
the tallies of interest are at the source location, i.e., the fuel.
The effective multiplication constant (keff) calculated for each configuration is
listed in Table 4.5. The eigenvalues calculated for the D20 cooled systems, 0.268 for
burned fuel and 0.344 for fresh fuel, are approximately one half the values calculated for
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H20, 0.514 for burned fuel and 0.618 for fresh fuel. Since the fission converter
configuration nearest critical is about $95 subcritical,* a criticality accident is not
credible. Power distributions calculated for the fission converter alone are presented later
with coupled core-converter calculations for comparison.
Table 4.5 Criticality of the converter alone and coupled core-converter system. The
statistical uncertainty listed with
deviation.
each value represents 1 standard
Converter Alone Coupled Core-Converter System
FuelCoolant Run ID lkff Run ID keff
g235U
D20 312 STD468 0.268±0.001 STD518 1.004±0.001
D20 510 STD469 0.344±0.001 STD525 1.005±0.001
(Fresh)
H20 312 STD470 0.514±0.001 STD519 1.005±0.001
H20 510 STD471 0.618±+0.001 STD480 1.006±0.002
(Fresh)
The eigenvalues of the coupled core-converter system were calculated for these
converter configurations similarly using the kcode option of MCNP. A total of 210
criticality cycles were run with 10 inactive cycles to allow the power shapes to settle
before beginning tallying. Nominally 4000 source particles were run in each cycle. The
initial source points from the earlier calculations of the converter alone were added to
those from a criticality run for the core so that one source point was positioned in each
I keff -1
Reactivity in dollars ($) is defined as p = - , where 13 is the delayed neutron fraction.
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cell containing fissile material. The same weight windows used in the criticality
calculation that generated the thermal column surface source were used in these criticality
calculations to increase the number of tracks that reached the fission converter. Spatially
uniform weight windows were used in the fission converter beam portion of the model
since information on transport beyond the fission converter is not desired. The effect of
weight windows on the calculation will be discussed later.
In any calculation using MCNP, the code by default normalizes the tallies to one
source particle. Hence, to obtain the correctly scaled results, the tallies should be
multiplied by the source strength. In the case of the reactor core, the source strength
would be the total number of neutrons produced per second. However, in the calculations
of the coupled core-converter model, the source strength is not known, since the source
includes fission neutrons both from the core and converter, where the power is unknown.
To circumvent this difficulty, the power normalization constant for the system is chosen
so that the total core power is 5.0 MW. Note that the normalization constant is different
from the source strength, since it includes not only the source strength, but also a factor to
correct the prompt fission power reported by MCNP to total fission power:
N' =S QT (4.6)
where N' = Coupled core-converter normalization constant
S = Source strength [n/s]
QT = Total fission energy
Qp = Prompt fission energy
192
Chapter 4: Fission Converter Design
This normalization factor obtained by forcing the core power to 5.0 MW can then be used
to appropriately scale the power tallies for the fission converter. It can easily be shown
that the normalization factor N' calculated for the coupled core-converter system is
related to a normalization factor for the core alone N given by
N = N' Pc (4.7)
PC + PFC
where N = Core-only normalization constant
N' = Coupled core-converter normalization constant
Pc = Fission converter power (from criticality)
Pc = Core power (from criticality)
The derived core-only normalization factor is itself not useful for any calculation, but is
helpful for comparing the normalization factors calculated for the different
configurations; it shows the equivalence of the different total normalization factors and it
allows comparison of these with the normalization factor used with the surface source
calculations.
The eigenvalues calculated for the four fission converter configurations in the
coupled model are listed above in Table 4.5. These values are all statistically equal to
their average of 1.005--0.001 and they are hardly larger than the eigenvalue calculated for
the core alone, 1.003±-0.001. The small difference between the eigenvalues for the core
alone and for the coupled core-converter system indicates that the interaction between the
converter and the core is weak, however the effect on the core is not negligible. The
reactivity insertion due to the fission converter calculated for fresh fuel with H20 cooling,
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which produces the maximum effect, is 0.3%%±0.2% (Ak/k). This seemingly small effect
exceeds the 0.2% reactivity insertion limit for moveable experiments in MITR-II. One
should note, however, that the uncertainty in this value is very large and also that other
configurations (i.e., D20 and spent fuel) should result in lower reactivity insertions.
Because of the large uncertainty and difficulty in calculating the reactivity
insertion due to the fission converter, Tom Newton, the MIT NRL Superintendent,
estimated the reactivity worth of the fission converter using the CITATION diffusion
model of the MITR-II core which is used primarily for fuel management calculations.
Using this simplistic model of the fission converter, the reactivity insertion was estimated
at 0.00257% (Ak/k). Newton is skeptical of this calculation because of a number of
inaccuracies and approximations in the model, which he discusses in a memorandum
included as Appendix C.
This discrepancy of two orders of magnitude between the Monte Carlo and
diffusion results can be most easily resolved through Monte Carlo simulations, which
avoid approximations in geometry, materials, and cross sections associated with the
diffusion model. Rather than comparing eigenvalues calculated with and without the
converter present to estimate its reactivity worth as was done here, a more realistic and
probably more accurate approach is to calculate the reactivity worth from criticality runs
of the coupled core-converter model with the cadmium curtain raised and lowered. To
obtain the low statistical uncertainty needed to easily resolve the different eigenvalues of
these two situations, the number of kcode cycles run should be much larger than the 200
cycles run in the original calculations.
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The fission converter power calculated in the criticality runs of the different
converter configurations is listed in Table 4.6. Corresponding power results from
calculations using the thermal column surface source described earlier are listed for
comparison. The differences in the power results for the two methods are given relative
to the criticality calculations since they are believed to be more accurate because they
include the effects of interaction between the core and the converter. The powers
calculated for the two H20 cooled cases with the surface source and with the criticality
run agree extremely well. For H20 cooling with fresh fuel, the values are 125.5 kW and
124.9 kW for the surface source and criticality methods, respectively. In the case of H20
cooling with burned fuel (312 g 235U per element), the difference is slightly smaller with
83.4 kW and 83.1 kW for the surface source and criticality methods, respectively. The
relative differences between the calculated power for H20 cooling are 0.4% and 0.5% for
burned and fresh fuel, respectively. The results for each configuration are only about 2
standard deviations apart.
The fission powers calculated for the D20 cooled configurations do not agree
quite as well. For D20 cooling and fresh fuel, 105.4 kW of fission power is calculated
with the criticality run and 102.9 kW is calculated with the surface source for a difference
of 2.4%. With D20 cooling and burned fuel, the difference is greater. 81.5 kW is
calculated using the criticality run and 78.1 kW is calculated with the surface source for a
difference of 4.1%. The differences in the results for D20 cooling, while small, are
statistically significant and are likely due to the lack of interaction with the core,
inherently absent in calculations using the surface source method. This effect is not
present with H20 because the leakage spectrum from the fission converter is much softer
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than the D20 spectrum. Neutrons leaking from the H20 cooled fission converter are
therefore less likely to reach the core and cause fission. The small inaccuracy introduced
by using the thermal column surface source with D20 is not large enough to warrant
rejecting the convenience and computational efficiency of the surface source method.
To verify that weight windows did not bias the answers by rouletting particles
traveling from the converter to the core, one criticality run of the coupled core-converter
model was made using spatially uniform importances of 1. The calculation was run for a
total of 810 kcode cycles with 10 inactive cycles in order to obtain statistics comparable
to a calculation with variance reduction. In this run, with ID STD520, the fission
converter employed D20 cooling and fresh fuel. The power of 106.1 kW (0.4% rel. err.)
calculated using uniform importances agrees well with the 105.3 kW (0.2% rel. err.)
calculated with weight windows. The difference between these results is 0.7%. The good
agreement obtained in absolute power and power distributions calculated both with and
without weight windows indicates that weight windows do not bias the calculations.
Total normalization and core-only normalization factors are given in Table 4.6 as
well. The total normalization factors of course vary with the fission converter power, but
the derived core-only normalization factors do not differ significantly from their average
of 4.19 x 1017. The power normalization factor determined for a criticality calculation of
the MITR-II core alone was 4.19 x 1017, which is consistent with these derived results.
The self-consistency of these results is important, but more important is that they agree
with the normalization factor used in the surface source calculations.
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Table 4.6 Comparison of fission converter power calculated via criticality
calculation and by the thermal column surface source method. The
statistical uncertainty listed with each value represents 1 standard
deviation.
Coupled Core-Converter Surface Source
Criticality Calculation Calculation
Coolant Fuel Run ID Power PowerLoading Norm. Norm. Difference
g 235 U  kW n/s n/s kW
D20 312 STD518 81.5 4.26E+17 4.19E+17 STD473 78.1 -4.1%
0.3% 0.2% 0.3% 0.2%
D20 510 STD525 105.4 4.27E+17 4.18E+17 STD474 102.9 -2.4%
(Fresh) 0.2% 0.2% 0.3% 0.2%
H20 312 STD519 83.4 4.25E+17 4.18E+17 STD475 83.1 -0.4%
0.2% 0.1% 0.3% 0.2%
H20 510 STD480 125.5 4.30E+17 4.19E+17 STD476 124.9 -0.5%
(Fresh) 0.2% 0.2% 0.3% 0.2%
The surface source normalization factor was calculated by hand as follows. Since
the surface source was generated by a criticality calculation of the core alone, the source
strength for the surface source runs is given by the neutron production rate in the core:
1 P
kef Q
S =
keff =
V =
P =
QT =
(4.8)
1
source strength
effective multiplication constant (1.0)
average number of neutrons per fission (2.45 n/f)
core power (5.0 MW)
total energy per fission (200 MeV)
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This yields a source strength of 3.823 x 10'7 n/s. This number is used to normalize
non-power tallies in the surface source runs. However, to normalize a power tally, the
source strength must be corrected by the ratio of the total to prompt fission energy release
to obtain the steady state power. Thus the power normalization factor N for the core
alone (and for the surface source calculations) is
N=S QT= i P (4.9)QP, k Qp
Using the prompt fission energy for 235U of Qp=180.88 MeV given in MCNP, the power
normalization is 4.23 x 1017 n/s, only 1% different from the value calculated with the
criticality run.
The consistency of the power normalization factors calculated with the criticality
runs among themselves and with the hand-calculated surface source normalization factor
helps to demonstrate the validity of the methods. Confidence in these methods will be
further bolstered by comparison of power distributions calculated with the two methods.
Furthermore, the contrast of these "actual" distributions with the power distributions
determined by criticality calculations of the fission converter alone will give physical
insight into the problem and may suggest design improvements.
Four different configurations of the fission converter will be considered: D20
cooling with burned (312 g 235U per element), D20 cooling with fresh (510 g 235U per
element), H20 cooling with burned (312 g 235U per element), and H20 cooling with fresh
(510 g 235U per element). Fission converter design 4 (see Figure 4.11) is used for all of
these calculations. Average horizontal and vertical power profiles will be presented for
each configuration calculated by criticality calculation of the coupled core-converter
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model, by the surface source, and by a (somewhat fictitious) criticality calculation of the
converter alone. The total power from the criticality calculation of the converter alone is
normalized to the result from the criticality calculation of the coupled core-converter
model. Power profiles on the face of the converter are plotted for criticality calculations,
but not for surface source calculations because the profiles are so similar to those from
the coupled model criticality calculations.
Figure 4.22.a shows the average horizontal power profiles for D20 cooling with
burned fuel. The curves for the criticality calculation of the coupled model and the
surface source calculation show nearly identical behavior. Both have peak to average
ratios of 1.32, but the values for the criticality calculation are about 4% higher.
Although it does not have the physical relevancy of the power profiles from the
other calculations, the power shape determined from the criticality calculation of the
converter alone does provide useful information because it describes the natural
multiplication of the converter, ignoring effects of the spatially nonuniform neutron
source from the reactor core. For this reason, the average horizontal power profile
determined from the criticality calculation of the core alone is markedly different from the
other two power profiles. The suppressed peak is reflected by the low peak to average
ratio of 1.09. Also, the profile turns up on the sides because of increased moderation
available in the downcomers (i.e., side flow channels), which are filled with coolant. All
of the power profiles show symmetry about the middle element, which should be
expected since each element has the same composition.
The average vertical power profiles from the three different calculations are
plotted in Figure 4.22.b. The profiles from the criticality calculation of the coupled
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model and from the surface source agree well, with an average difference of 4%. The
peak to average linear power density ratios for these two profiles are very similar at 1.07
and 1.05 for the surface source calculation and coupled core-converter criticality
calculation, respectively. The slight increase in the power density observed at the top and
bottom of the converter is due to increased moderation in the fuel endcaps and upper and
lower plena. The axial asymmetry observed in the average power profiles results from
spatial variation of the burned fuel composition; this effect is not observed in calculations
with fresh fuel. Unlike the convex vertical power profiles obtained from the surface
source calculation and criticality calculation of the coupled model, the average vertical
power profile obtained from the criticality calculation of the converter alone is concave.
The presence of the 14 inch window may contribute to the concavity of the power shape
by reducing reflection of neutrons back into the center of the converter. The convex
shape of the vertical power profile, with local maxima at the top and bottom where the
concentration of moderator is greatest, and the up-turns in the horizontal power profile
indicate that this D20 cooled system is undermoderated.
Figure 4.23 illustrates the power profile on the face of the converter determined
from the criticality calculation of the coupled core-converter model with D20 cooling and
burned fuel. Linear power density is plotted against fuel element number and height
above the converter centerline. Figure 4.24 provides a similar plot of the converter power
density determined by a criticality calculation of the converter alone. Features of the
average horizontal and vertical power profiles discussed above are visible in these more
detailed plots of the power distribution.
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To explain the differences between the power profiles generated in the converter
driven by the core and in the converter alone, the spatial variation of the neutron source
from the reactor core should be considered. Because the neutron flux incident on the
fission converter is strongly peaked on the 14 inch window (see Figure 4.48), a peak in
the converter power profile results around the 14 inch window. The up-turns observed in
the power profile from the criticality calculation of the core alone are masked by the
spatial variation of the incident neutron flux in the other calculations.
Similar peaking effects are observed in the vertical power distributions. However,
the peaking is much more subdued because the natural power shape (from the criticality
calculation of the converter alone) is minimum at the center of the converter. In fact,
local maxima at the top and bottom can be observed in the vertical power profiles
determined with the surface source and the criticality calculation of the coupled model.
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Figure 4.22 Average horizontal and vertical power profiles in the fission converter
with D20 cooling and burned fuel (312 g 235U per element). The coupled
core-converter criticality calculation and the surface source calculation are
normalized to 5.0 MW core power. Power from the criticality calculation
of the converter alone is normalized to the result from the coupled core-
converter criticality calculation.
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Figure 4.24 Power profile in the fission converter with D20 cooling and burned fuel
(312 g 235U per element) determined from a criticality calculation of the
converter alone. Total power is normalized to the result from the coupled
core-converter criticality calculation.
Average horizontal power profiles are presented in Figure 4.25.a for the fission
converter with D20 cooling and fresh fuel. The horizontal power profiles determined
from the surface source calculation and the criticality calculation of the coupled core-
converter model agree well; the average difference at each point is 2.5%. The peak to
average power ratio is 1.32 for the criticality calculation of the coupled model and 1.30
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for the surface source calculation. With a peak to average ratio of 1.09, the horizontal
power profile for the criticality calculation of the converter alone is again flatter than the
others. The slight up-turn in the profile on the sides is also observed in this case.
Average vertical power profiles are presented in Figure 4.25.b. The two profiles
for the surface source and criticality calculation of the core alone agree well, with an
average difference of only 2.6%. Both curves have a peak to average ratio power density
ratio of 1.12. Compared to the case of D20 cooling with spent fuel, these vertical power
profiles have greater curvature and much sharper jumps at the top and bottom. Also, in
the vertical profile computed from the criticality calculation of the converter alone, the
jumps on the ends are much greater than those for spent fuel while the remainder of the
curve is much flatter. These differences are likely due to the spatial variation of the
burned fuel composition which is not present in fresh fuel. Any vertical asymmetry in the
power distribution is due to increased leakage from the shorter lower plenum.
Figure 4.26 provides a plot of the power profile in the converter determined from
the criticality calculation of the coupled core-converter model with D20 cooling and fresh
fuel. Figure 4.27 shows a similar plot of the converter power profile determined from a
criticality calculation of the core alone. Features of the average horizontal and vertical
power profiles discussed above are visible in these more detailed plots of the power
distribution.
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Figure 4.25 Average horizontal and vertical power profiles in the fission converter
with D20 cooling and fresh fuel (510 g 235U per element). The coupled
core-converter criticality calculation and the surface source calculation are
normalized to 5.0 MW core power. Power from the criticality calculation
of the converter alone is normalized to the result from the coupled core-
converter criticality calculation.
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Figure 4.26 Power profile in the fission converter with D20 cooling and fresh fuel (510
g 235U per element) determined from a coupled core-converter criticality
calculation. The calculation is normalized to 5.0 MW core power.
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Figure 4.27 Power profile in the fission converter with D20 cooling and fresh fuel (510
g 235U per element) determined from a criticality calculation of the
converter alone. Total power is normalized to the result from the coupled
core-converter criticality calculation.
Figure 4.28.a shows average horizontal power profiles for the H20 cooled fission
converter with burned fuel. The two curves for the surface source calculation and the
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criticality calculation of the coupled core-converter model agree extremely well with an
average difference of 0.5% at each point. The peak to average ratios of these two power
profiles are both 1.29. The flatter power profile determined from the criticality
calculation of the converter alone has a peak to average power 1.13. No jumps in the
power profile are observed on the sides as in the case of D20 because the moderating
power of H20 is so much greater than that of H20 (see Table 4.3).
Figure 4.28.b shows average vertical power profiles for the H20 cooled fission
converter with burned fuel. Extremely good agreement is obtained between the power
profiles for the surface source calculation and the criticality calculation of the coupled
core-converter model; the average difference is 0.6%. Peak to average power ratios of
1.08 and 1.10 were obtained for the surface source calculation and for the criticality
calculation, respectively. The vertical power profiles generated in the converter driven by
the core follow the vertical power profile in the converter alone much more closely than
in either of the D20 cooled cases. The high flux incident on the center of the converter in
the surface source calculation and the criticality calculation of the coupled model washes
out the central depression and elevated power density at the extrema observed in the
power profile from the criticality calculation of the converter alone. The central
depression is likely due to the spatial variation of the fuel composition.
A plot of the power profile in the converter determined from the criticality
calculation of the coupled core-converter model with H20 cooling and burned fuel is
shown in Figure 4.29. Figure 4.30 shows a similar plot of the converter power profile
determined from a criticality calculation of the core alone. Features of the average
209
;'~i~sO*C(·-"~"~aYlp--·"~
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Beam for Neutron Capture Therapy
horizontal and vertical power profiles discussed above are visible in these detailed graphs
of the power distributions.
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Figure 4.28 Average horizontal and vertical power profiles in the fission converter
with H20 cooling and burned fuel (312 g 235U per element). The coupled
core-converter criticality calculation and the surface source calculation are
normalized to 5.0 MW core power. Power from the criticality calculation
of the converter alone is normalized to the result from the coupled core-
converter criticality calculation.
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o
Figure 4.30 Power profile in the fission converter with H20 cooling 
and burned fuel
(312 g 235U per element) determined from a criticality calculation of the
converter alone. Total power is normalized to the result 
from the coupled
core-converter criticality calculation.
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Average horizontal power profiles for the fission converter with H20 cooling and
fresh fuel are shown in Figure 4.31.a. The profiles from the surface source calculation
and the criticality calculation of the coupled core-converter model agree extremely well
with an average difference of only 0.6%. The peak to average ratios for these two power
profiles are both 1.28. The flatter profile obtained from the criticality calculation of the
converter alone has a peak to average ratio of 1.11. The stronger peaking of the profiles
from the surface source calculation and from the criticality calculation of the coupled
model is due to the spatial distribution of the incident flux which peaks at the center of
the 14 inch window. The slight up-turn on the sides of the horizontal power profiles
observed with D20 is not present here because of the higher moderating power of H20.
Figure 4.31.b shows average vertical power profiles calculated for the fission
converter with H20 cooling and fresh fuel. The profiles for the surface source calculation
and the criticality calculation of the coupled model agree extremely well; the average
difference at each point is only 0.7%. The peak to average ratio of the two power profiles
are 1.14 and 1.13 for the surface source calculation and criticality calculation of the
coupled model, respectively. The vertical power profile from the criticality calculation of
the converter alone follows the other two profiles very closely, but is slightly less peaked
with a peak to average ratio of 1.10. As in the case of D20 cooling with fresh fuel, the
jumps in the power profile at the top and bottom of the fuel due to higher moderation is
very pronounced.
Figure 4.32 illustrates the power profile in the converter determined from the
criticality calculation of the coupled core-converter model with H20 cooling and fresh
fuel. A similar plot of the converter power profile determined from a criticality
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calculation of the core alone is presented in Figure 4.33. Features of the average
horizontal and vertical power profiles discussed above are visible in these detailed graphs
of the power distributions.
A few general conclusions can be drawn from these results. First, the two
methods of calculation, the surface source method and the criticality calculation of the
coupled converter-core model, produce equivalent results. The differences in the power
profiles calculated with these methods were less than 5% for D20 cooling and less than
1% for H20 cooling, which is completely acceptable for design purposes. Second, the
spatial distribution of the incident flux plays an important role in determining the power
shape. While its results are not physically realizable, the criticality calculation of the
converter alone is interesting because it eliminates dependence on the spatial variation of
the incident flux, providing the natural power shape of the converter.
Peaking of the power profiles on the top, bottom, and sides of the converter where
higher concentrations of moderator are present suggests, for both coolants, that the
converter is undermoderated. Increasing the concentration of moderator in a fuel element
is of course impossible, but the concentration of moderator in the converter could be
increased by augmenting the space between each fuel element. Increasing the moderation
will raise the effective multiplication constant (keff) so that the converter uses the
available neutrons more efficiently. The effect of fuel element spacing on power
production and beam intensity at the patient position (i.e., Oepi) should be studied in detail.
Increasing fuel element spacing will be especially beneficial for D20, whose moderating
power is much lower than that of H20.
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Figure 4.31 Average horizontal and vertical power profiles in the fission converter
with H20 cooling and fresh fuel (510 g 235U per element). The coupled
core-converter criticality calculation and the surface source calculation are
normalized to 5.0 MW core power. Power from the criticality calculation
of the converter alone is normalized to the result from the coupled core-
converter criticality calculation.
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Figure 4.32 Power profile in the fission converter with H20 cooling and fresh fuel (510
g 235U per element) determined from a coupled core-converter criticality
calculation. The calculation is normalized to 5.0 MW core power.
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Figure 4.33 Power profile in the fission converter with H20 cooling and fresh fuel (510
g 235U per element) determined from a criticality calculation of the
converter alone. Total power is normalized to the result from the coupled
core-converter criticality calculation.
4.3.3 Moderator Layer Thickness
Since comparisons of the fission converter beam performance for H20 and D20
cooling indicated that moderation of the fast neutron flux in and around the fuel has a
significant impact on the beam intensity and quality of the beam, it was expected that
218
Chapter 4: Fission Converter Design
increasing the thickness of the layer of moderator (i.e., H20 or D20) around the fuel
might improve the beam performance as discussed in the last section. However, the use
of H20 need not be investigated since the small amount already present overmoderates
the spectrum for our purposes. Increasing the thickness of D20 around the fission
converter would help reflect fission neutrons back into the converter and might result in a
power increase. Augmenting the D20 thickness behind the converter would further
moderate the neutrons exiting the converter and would hopefully reduce the specific fast
neutron dose without a significant loss in epithermal intensity.
Fission converter design 2 (see section 4.3.1.2) was used to study the effect of
varying the amount of D20 around the fission converter. This model of the fission
converter, which has easily moveable surfaces for the front and rear walls of the tank, was
set up specficially for this type of parametric analysis. An aluminum tank 2.0 cm thick
contained the fission converter. The 68 cm 70% AlF3 / 30% Al - 2 cm Ti filter was used
in this study. An 8 cm thick bismuth photon shield was used in conjunction with a
conical 3 cm thick bismuth collimator lining. Configurations with D20 gaps of 0.1, 0.5,
1.0, and 2.0 cm in front of the fuel on the core side and rear D20 gaps of 1.0, 2.0, 3.0, 4.0,
and 6.0 cm were calculated. One additional configuration was calculated with minimal
front and rear D20 gaps of 0.05 cm.
Power and in-air figures of merit were calculated for the fission converter beam
for a matrix of moderator thicknesses and are presented in Table 4.7. Figure 4.34 plots
the fission converter power as a function of front and rear D20 gap. Note the suppressed
zero of the ordinate. The fission converter power increases as the rear D20 gap is
increased because D20 moderates neutrons better than the aluminum and aluminum
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fluoride that it displaces. However, as the front D20 gap increases, any increased neutron
reflection is more than offset by attenuation of the incident thermal flux for a net decrease
in power. Evidence of the reduced fast neutron generation rate is apparent in Figure 4.35,
which shows that the epithermal neutron flux at the patient position also decreases with
front D20 gap thickness. Epithermal flux also decreases with rear D20 gap thickness,
indicating substantial attenuation or moderation of the neutron flux in the D20 behind the
fuel. The highest epithermal flux at the patient position is obtained with minimum D20
gaps, front and back, but a slightly lower specific fast neutron dose is obtained with a
small front gap (0.05 - 0.01 cm) and a rear gap of 1.0 cm. There is however no rapid
variation with gap size.
The behavior of the specific fast neutron dose with varying front and rear D20
gaps is shown in Figure 4.36. Note the suppressed zero of the ordinate. The figure
indicates a general decrease in the specific fast neutron dose with increasing rear D20 gap
thickness due to increased moderation. The most rapid decrease in the specific fast
neutron dose occurs with the first two centimeters of D20. No variation of the specific
fast neutron dose behavior with respect to the front D20 gap is discernible.
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Table 4.7 Effect of front and rear D20 gaps on beam performance with the 68 cm
70% AlF3/30% Al - 2 cm Ti filter.
Run ID Front Rear Power J th (epi f Dfn Dfn/Iepi
D 20 Gap D20 Gap
cm cm kW n/cm2sc m 2s nsms n cGy/min cGy cm2 /n
STD287 0.05 0.05 74.7 5.OE+08 6.9E+09 7.0E+07 6.5 1.6E-11
0.3% 4% 2% 5% 3% 4%
STD291 0.1 1.0 76.2 4.6E+08 6.6E+09 5.6E+07 5.6 1.4E-11
0.3% 4% 2% 5% 3% 4%
STD294 0.1 2.0 78.0 4.6E+08 6.0E+09 5.4E+07 4.9 1.4E-11
0.3% 3% 2% 6% 3% 4%
STD313 0.1 3.0 80.5 4.5E+08 5.5E+09 5.2E+07 4.5 1.4E-11
0.3% 4% 2% 7% 3% 4%
STD295 0.1 4.0 82.5 4.2E+08 4.8E+09 4.0E+07 3.9 1.3E-11
0.3% 3% 2% 5% 3% 4%
STD296 0.1 6.0 85.7 3.6E+08 4.1E+09 3.3E+07 3.3 1.3E-11
0.2% 3% 3% 6% 3% 4%
STD288 0.5 1.0 72.6 4.5E+08 5.9E+09 6.1E+07 5.4 1.5E-11
0.3% 3% 2% 12% 3% 4%
STD289 0.5 2.0 75.3 4.5E+08 5.7E+09 5.2E+07 4.8 1.4E-11
0.3% 3% 3% 11% 3% 4%
STD314 0.5 3.0 76.8 4.3E+08 5.3E+09 4.3E+07 4.3 1.4E-11
0.3% 4% 2% 6% 3% 4%
STD290 0.5 4.0 78.9 4.0E+08 4.9E+09 4.1E+07 3.9 1.3E-11
0.3% 4% 3% 6% 3% 4%
STD316 0.5 6.0 83.1 3.9E+08 4.0E+09 3.3E+07 3.1 1.3E-11
0.2% 4% 3% 7% 4% 5%
STD292 1.0 1.0 69.8 4.4E+08 5.9E+09 5.3E+07 5.3 1.5E-11
0.3% 4% 2% 5% 3% 4%
STD310 1.0 2.0 71.8 4.5E+08 5.7E+09 4.9E+07 4.7 1.4E-11
0.3% 3% 2% 5% 3% 4%
STD312 1.0 3.0 73.2 4.4E+08 5.3E+09 4.5E+07 4.3 1.4E-11
0.3% 4% 3% 6% 3% 4%
STD311 1.0 4.0 75.8 3.7E+08 4.5E+09 3.7E+07 3.6 1.3E-11
0.2% 3% 2% 6% 3% 4%
STD317 1.0 6.0 79.1 3.7E+08 3.8E+09 3.2E+07 3.0 1.3E-11
0.2% 5% 3% 6% 3% 4%
STD293 2.0 1.0 63.6 4.5E+08 5.4E+09 5.5E+07 4.8 1.5E-11
0.3% 5% 3% 7% 3% 4%
STD302 2.0 2.0 66.0 3.9E+08 5.1E+09 4.5E+07 4.3 1.4E-11
0.3% 3% 2% 6% 3% 4%
STD315 2.0 3.0 68.3 4.1E+08 4.7E+09 3.8E+07 3.9 1.4E-11
0.3% 3% 2% 5% 3% 4%
STD303 2.0 4.0 70.4 3.9E+08 4.3E+09 3.9E+07 3.5 1.3E-11
0.3% 4% 3% 9% 3% 4%
STD318 2.0 6.0 73.7 3.5E+08 3.5E+09 2.8E+07 2.7 1.3E-11
0.2% 5% 3% 7% 4% 5%
STD298 4.0 1.0 56.0 4.1E+08 4.9E+09 4.3E+07 4.1 1.4E-11
0.3% 4% 2% 5% 3% 3%
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Figure 4.34 Fission converter power as a function of front and rear D20 gap.
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Figure 4.35 Epithermal neutron flux at the patient position as a function of front and
rear D20 gap.
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Figure 4.36 Specific fast neutron dose at the patient position as a function of front and
rear D20 gap.
Since increasing the thickness of the rear D20 gap provided only a small
improvement in beam quality with a substantial reduction in beam intensity, it was
decided to investigate using the layer of moderator behind the fuel with shorter filters.
Specifically, filters with 60 cm 70% AlF3 / 30% Al and 55 cm 70% AIF3 / 30% Al (no
titanium) were studied with rear D20 gaps of 1.0, 2.0, 4.0, 6.0, and 8.0 cm. Since
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previous calculations demonstrated inferior performance with an increased front D20 gap,
it was held at 0.1 cm.
Table 4.8 and Table 4.9 list in-air beam performance parameters for the 60 and 55
cm filters, respectively. Because, as compared to the base design of a 68 cm filter, these
lengths are reduced by 10 and 15 cm, the epithermal fluxes and specific fast neutron
doses are substantially higher. The epithermal flux and specific fast neutron dose of the
configuration with a 1 cm gap and a 60 cm filter are 45% and 90%, respectively, higher
than the corresponding point for the 68 cm filter. The configuration with a 1 cm gap and
a 55 cm filter has an epithermal flux and a specific fast neutron dose 70% and 160%
higher than the corresponding point for the 70 cm filter. These increases in Oepi and
Dfn/0epi are due to the attenuation and fast neutron filtering lost by reducing the thickness
of Al/AIF3 and titanium in the filter/moderator.
Figure 4.37 and Figure 4.38 show the behavior of the epithermal neutron flux and
specific fast neutron dose at the patient position as a function of the rear D20 gap
thickness for the 60 and 55 cm filters, respectively. The two figures of merit show
similar behavior for the two filters. The epithermal flux appears to decrease linearly with
the D20 thickness while the specific fast neutron dose decreases at a much slower rate
and seems to reach an asymptotic limit. In the case of the 60 cm filter, when the D20
thickness is increased from 1.0 cm to 8.0 cm, the epithermal flux decreases by 46% while
the specific fast neutron dose decreases by only 19%. Similarly for the 55 cm filter, the
epithermal flux decreases by 44% while the specific fast neutron dose decreases by only
22%.
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Table 4.8 Effect of the rear D20 gap on beam performance with the 60 cm 70%
A1F3/30% Al - 2 cm Ti filter.
Run ID D2 Gap Power fth _ epi Of Dfn DfnA•epiD20Gap
cm kW n/cm2s n/cm2s n/cm 2s cGy/min cGy cm2/n
STD304 1.0 76.1 7.7E+08 9.6E+09 .3.5E+08 15.7 2.7E-11
0.3% 4% 2% 4% 2% 3%
STD299 2.0 79.1 7.6E+08 9.1E+09 2.9E+08 13.1 2.4E-11
0.3% 3% 2% 4% 2% 3%
STD297 4.0 82.2 7.7E+08 7.6E+09 2.2E+08 10.7 2.3E-11
0.3% 3% 2% 5% 3% 3%
STD300 6.0 85.4 7.OE+08 6.4E+09 2.OE+08 8.5 2.2E-11
0.2% 3% 2% 5% 2% 3%
STD305 8.0 89.4 6.6E+08 5.2E+09 1.4E+08 6.9 2.2E-11
0.2% 4% 2% 5% 3% 4%
Table 4.9 Effect of
A1F3/30%
rear D20 gap on
Al - 2 cm Ti filter.
beam performance with the 55 cm 70%
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Run ID Rear Power Oth epi f Df Dfn/epi
D20 Gap
cm kW n/cm 2 s n/cm2s n/cm2s cGy/min cGy cm2/n
STD308 1.0 76.9 8.5E+08 1.1E+10 5.5E+08 24 3.6E-11
0.4% 4% 2% 5% 3% 3%
STD309 2.0 79.1 8.5E+08 1.1E+10 4.7E+08 21 3.2E-11
0.3% 4% 2% 4% 3% 3%
STD301 4.0 82.9 7.7E+08 8.8E+09 3.6E+08 16.8 3.2E-11
0.3% 4% 2% 4% 3% 3%
STD306 6.0 85.5 7.5E+08 7.7E+09 2.7E+08 12.7 2.8E-11
0.3% 4% 2% 4% 3% 3%
STD307 8.0 88.3 6.6E+08 6.2E+09 2.1E+08 10.5 2.8E-11
0.2% 4% 2% 5% 3% 4%
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Figure 4.37 Effect of the rear D20 gap on beam performance using the 60 cm 70%
A1F3/30% Al - 2 cm Ti filter.
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Figure 4.38 Effect of the rear D20 gap on beam performance using the 55 cm 70%
A1F3/30% Al - 2 cm Ti filter.
This series of calculations investigating the effect of front and rear D20 gap
thickness using the 70, 60, and 55 cm thick filters indicates that increasing the thickness
of the layer of D20 in front of the fuel provides no advantage; attenuation of the incident
thermal flux reduces fission converter power. Increasing the thickness of the layer of
D20 behind the converter further moderates the spectrum exiting the converter, after a
few cm reducing the epithermal flux at the patient position much faster than the specific
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fast neutron dose. Hence, large reductions in the specific fast neutron dose cannot be
achieved by using thick layers of moderator without an unacceptable loss in intensity.
Instead, to achieve the desired filtering effect, resonance scattering materials should be
used because resonances in the fast energy range preferentially scattering fast neutrons
while allowing epithermal neutrons to pass through relatively uninhibited.
Because the stacked plate-type design of the MITR-II fuel elements contains a
significant volume fraction of moderator (-50%) the neutron spectrum already
experiences significant moderation in the fuel element itself (see Figure 4.18). Several
cm of D20 behind the fuel moderates the useful region of the spectrum too much without
significant reduction of the fast region where the neutron KERMA is highest. Perhaps a
very thin layer of D20 (less than 1 cm) would be beneficial.
4.3.4 Tank Thickness
The impact of the converter tank thickness on neutronic performance was studied
to provide impetus for improving an intermediate engineering design of the fission
converter tank that required an undesirably large thickness of aluminum. This series of
calculations employed the 68 cm 70% AlF3 / 30% Al - 2 cm Ti filter with an 8 cm thick
bismuth photon shield and a 3 cm thick bismuth collimator lining. D20 cooling was used
with layers 0.05 cm thick before and after the fuel in fission converter design 2 (see
Figure 4.6).
Table 4.10 gives the power and in-air beam performance parameters calculated for
aluminum tank thicknesses ranging from 0.635 cm to 3.5 cm. Fission converter power
and epithermal neutron flux at the patient position are plotted against tank thickness in
Figure 4.39. Fission converter power decreases with tank thickness due to attenuation of
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the incident thermal neutron flux. The concomitant reduction in epithermal neutron flux
is due to decreased fast neutron production; the epithermal flux per unit power varies
little from its average of 9.3 x 107 (2%). Fitting a decaying exponential to the power as a
function of tank thickness resulted in a decay constant of 0.090 cm -1', which is very close
to the 2200 m/s macroscopic absorption cross section for aluminum (0.084 cm-1). A
similar exponential fit of the epithermal flux yielded a decay constant of 0.085 cm - ,
nearly identical to the aluminum macroscopic absorption cross section. The small
difference between the decay constants for the power fit and the epithermal flux fit is
likely due to statistical fluctuations.
Figure 4.40 compares the behavior of epithermal neutron flux and specific fast
neutron dose as a function of tank thickness. The specific fast neutron dose decreases
slightly with tank thickness because of fast neutron filtration by the aluminum tank.
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Effect of aluminum tank thickness (front and back) on
for the 68 cm 70% AIF 3 / 30% Al - 2 cm Ti filter.
beam performance
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Table 4.10
Al Tank
RunID Thickness Power Oepi/P th epi f Dfn Dfn/•epi
cm kW n/cm2kJ n/cm2s n/cm 2s n/cm2s cGy/min cGy cm2/n
STD319 0.635 83.9 9.4E+07 5.6E+08 7.9E+09 8.1E+07 7.6 1.6E-11
0.3% 2% 4% 2% 5% 3% 4%
STD320 1.0 81.3 9.OE+07 5.1E+08 7.3E+09 8.OE+07 7.0 1.6E-11
0.3% 3% 4% 2% 6% 3% 4%
STD321 1.5 77.3 9.3E+07 5.2E+08 7.2E+09 7.3E+07 6.8 1.6E-11
0.3% 2% 3% 2% 4% 3% 3%
STD287 2.0 74.7 9.3E+07 5.0OE+08 6.9E+09 7.OE+07 6.5 1.6E-11
0.3% 2% 4% 2% 5% 3% 4%
STD322 2.5 70.7 9.3E+07 4.9E+08 6.6E+09 6.1E+07 5.9 1.5E-11
0.3% 2% 6% 2% 5% 3% 4%
STD323 3.0 68.0 9.1E+07 4.6E+08 6.2E+09 5.6E+07 5.3 1.4E-11
0.3% 2% 3% 2% 5% 2% 3%
STD324 3.175 67.0 9.5E+07 4.4E+08 6.3E+09 5.8E+07 5.5 1.4E-11
0.3% 2% 4% 2% 7% 3% 4%
STD325 3.5 64.6 9.4E+07 4.1E+08 6.1E+09 6.1E+07 5.5 1.5E-11
0.3% 2% 3% 2% 5% 3% 3%
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Figure 4.39 Fission converter power and epithermal neutron flux at the patient position
as a function of aluminum tank thickness.
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Figure 4.40 Specific fast neutron dose and epithermal neutron flux at the patient
position versus aluminum tank thickness.
4.3.5 Fuel Configuration and Number of Elements
Although no parametric studies of the fuel spacing or number of fuel elements in
the converter have been carried out, comparison of two similar calculations with different
numbers of fuel elements and different element spacing is informative. The two
calculations are of intermediate designs between fission converter designs 3 and 4. The
first design, with 12 burned M1TR-II fuel elements, has a horizontal spacing of 0.0998 cm
between fuel elements in the converter. The second uses only 11 fuel elements, also
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burned, with a spacing of 0.159 cm between elements. The 11 element configuration is
the same as fission converter design 4 except that the lower plenum is somewhat shorter,
the triangular slots on each side of the converter are filled with aluminum rather than
water, and the tank is composed of pure aluminum rather than the A16061 alloy. The tank
thicknesses are the same but the tank in the 11 element case has a trapezoidal cross
section rather than rectangular. However, for our comparison, this difference should have
little impact. In the two calculations, D20 cooling was used in the fission converter with
the 68 cm 70% AlF3/30% Al - 2 cm Ti filter. An 8 cm thick bismuth photon shield was
used with a 15 cm thick lead collimator lining
Table 4.11 lists beam performance parameters for these two cases. Even though
the 11 element design has 8.3% less 235U in the converter, the power is only 4.6% less
than in the 12 element design. In fact, the power per element has increased by 4.1% from
7.21 to 7.51 kW per element. The epithermal flux per unit power remains constant at
1.65 x 108 n/cm2kJ.
Figure 4.41 shows the average horizontal and vertical power profiles for the two
cases. In the horizontal power profile, instead of using element number for the abscissa,
element position (horizontal distance from the fission converter center) is used. Except
for the two outside points, the horizontal power profile of the 11 element case falls
exactly on top of the power profile obtained for the 12 element case. This behavior
suggests that the power profile is determined by the flux illuminating the fission
converter; removal of elements on the edges of the converter are minor perturbations.
Comparison of the vertical power profiles in Figure 4.41 shows similar power shapes but
greater magnitude (per element) with 11 elements. The power per element is higher in
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the 11 element design because a greater fraction of fuel elements is in the center region of
the converter that sees a high flux. The two elements on the sides of the converter
probably experience a higher power because of the increased moderation available with
the larger element spacing. However, because the effects of reducing the number of
elements and increasing the spacing between elements are mixed together, the situation is
difficult to analyze. As analysis of the power distributions in section 4.3.2.2 suggests, the
effects of increasing the element spacing warrant further study.
Table 4.11 Comparison of beam performance with 11 and 12 fuel elements in the
fission converter. The spacing between elements is 0.0998 cm in the 12
element design and 0.159 cm in the 11 element design.
Run ID No. of Power Power per ... epi Of Dfn Dfn/epi
Elements
kW kW/El n/cm2s n/cm 2s n/cm 2s cGy/min cGy cm2/n
STD445 12 86.6 7.21 1.02E+09 1.43E+10 1.24E+08 11.1 1.29E-11
0.2% 0.2% 2% 1.4% 3% 2% 2%
STD463 11 82.6 7.51 9.68E+08 1.35E+10 1.20E+08 10.8 1.33E-11
0.3% 0.3% 3% 1.7% 4% 2% 3%
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Figure 4.41 Average horizontal and vertical power distributions in the fission
converter with 12 and 11 fuel elements. The space between the elements
is greater in the 11 element design.
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4.3.6 Reflectors
It was suggested in the 22.33 design course that using a reflector around the
fission converter to displace water could reduce neutron absorption around the converter
and increase the converter power. In this section, several fission converter reflector
schemes are examined.
4.3.6.1 Front Reflector
Experiments using the fission converter in the MITR-II Blanket Test Facility
(BTF) sometimes used a bismuth sheet located in front of the converter to reflect fission
neutrons back into the converter and increase its neutron output.10 Because of the
positive experience with the reflector on the BTF converter, the impact of a reflector
located on the front of the fission converter was studied. Graphite and bismuth reflectors
ranging in thickness from 0.5 to 4 cm were considered. Graphite was selected for its
moderating ability while bismuth was chosen because it was used in experiments in the
BTF. For this series of calculations, fission converter design 1 (see Figure 4.4) was used
with light water cooling and burned fuel. The filter/moderator was composed of 58 cm
A1F3 - 3 x 2 cm Al - 2 x 2 cm Ti. The 8 cm thick bismuth photon shield was followed by
a 3 cm thick conical bismuth collimator lining.
In-air beam performance parameters calculated for graphite and bismuth reflectors
are listed in Table 4.12 and Table 4.13, respectively. Fission converter power and
epithermal neutron flux at the patient position are plotted versus reflector thickness for
graphite and bismuth front reflectors in Figure 4.42 and Figure 4.43, respectively. The
decrease in both fission power and epithermal flux with reflector thickness indicates that,
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in this configuration, the dominant effect of a reflector is attenuation of the incident
thermal flux. Use of a reflector in front of the fission converter is therefore not
recommended.
In-air beam performance for varying front graphite reflector thickness.
In-air beam performance for varying front bismuth reflector thickness.
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Table 4.12
Table 4.13
ReflectorRun ID Thickness Power Oth pi f DfO Dfn/Oepi
cm kW n/cm2 s n/cm2 s n/cm2s cGy/min cGy cm2/epi n
STD544 0.0 78.6 9.54E+08 1.29E+10 1.09E+08 10.0 1.29E-11
0.2% 2% 1% 3% 2% 2%
STD545 0.5 74.4 9.42E+08 1.27E+10 1.10E+08 9.9 1.30E-11
0.2% 2% 1% 3% 2% 2%
STD546 1.0 71.1 9.14E+08 1.24E+10 1.07E+08 9.3 1.25E-11
0.2% 2% 1% 3% 2% 2%
STD547 2.0 65.1 8.98E+08 1.18E+10 9.16E+07 8.7 1.23E-11
0.2% 2% 1% 3% 2% 2%
STD548 3.0 60.1 8.32E+08 1.13E+10 9.56E+07 8.4 1.24E-11
0.2% 2% 1% 5% 2% 2%
STD549 4.0 56.5 8.26E+08 1.12E+10 9.00E+07 7.9 1.18E-11
0.2% 2% 1% 5% 2% 2%
ReflectorRun ID Thickness Power th epi Of Dfn Dfný/epi
cm kW n/cm2s n/cm2s n/cm2s cGy/min cGy cm2/epi
STD544 0.0 78.6 9.54E+08 1.29E+10 1.09E+08 10.0 1.29E-11
0.2% 2% 1% 3% 2% 2%
STD550 0.5 75.1 9.07E+08 1.30E+10 1.07E+08 9.6 1.24E-11
0.2% 2% 1% 3% 2% 2%
STD551 1.0 72.4 9.05E+08 1.26E+10 1.02E+08 9.6 1.26E-11
0.2% 2% 1% 3% 2% 2%
STD552 2.0 67.6 9.36E+08 1.22E+10 9.46E+07 8.7 1.18E-11
0.2% 2% 1% 3% 2% 2%
STD553 3.0 63.7 8.61E+08 1.20E+10 9.62E+07 9.0 1.24E-11
0.2% 2% 1% 3% 2% 2%
STD554 4.0 59.7 8.36E+08 1.15E+10 9.62E+07 8.3 1.21E-11
0.2% 2% 1% 4% 2% 2%
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Figure 4.42 Fission converter power as a function of front reflector thickness for
graphite and bismuth reflectors.
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Figure 4.43 Epithermal neutron flux at the patient position as a function of front
reflector thickness for graphite and bismuth reflectors.
4.3.6.2 Above and Below the Fission Converter
Reflectors were also considered for the plena above and below the fuel.
Aluminum spacers located in this area would displace water, locally reducing neutron
absorption and supposedly increasing the thermal flux at the converter. This was
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suggested even though the vertical power profile turns up at each end of an element
because of increased thermalization in the (homogenized) nozzle and gridplate region
which has a higher volume fraction of water than the active portion of the fuel. Although
reducing absorption in water around the converter by displacing water with a low-cross
section material might seem advantageous, it is probably better to use a material with a
high scattering cross section (such as water) to reduce vertical leakage from the converter.
To study the effect of using aluminum spacers above and below the fuel, several
beam calculations were made with the composition of 5.08 cm tall sections of the plena
immediately above and below the fission converter varying. To simulate aluminum
spacers, the material was a homogenous mixture of aluminum and water. The aluminum
volume fraction was varied from 0% to 100% to gauge the impact of these "spacers." All
of the calculations employed fission converter design 3 (see Figure 4.8) using burned fuel
with the 68 cm 70% AlF3 / 30% Al - 2 cm Ti filter. The 8 cm bismuth photon shield was
followed by a conical 3 cm thick bismuth collimator lining. Calculations were made with
both H20 and D20 cooling.
Table 4.14 lists power and in-air beam performance parameters for varying spacer
aluminum volume fraction. Power and epithermal flux at the patient position are plotted
as functions of spacer aluminum volume fraction in Figure 4.44. As Figure 4.44
indicates, for each coolant, the results are the same within the statistical fluctuation of the
data. The negligible impact of the spacers on the fission converter is likely because the
nozzle/grid plate region above the active length of the fuel is several mean free paths
thick.
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Table 4.14 Effect of aluminum spacers above and below the fission converter.
Spacer AlRun ID Coolant Vol.Fraction Power Oth epi f Dfn Dfn/oepi
kW n/cm2s n/cm2s n/cm2s cGy/min cGy cm 2/epi n
STD330 D20 0% 69.7 4.6E+08 5.7E+09 4.8E+07 4.7 1.4E-11
0.3% 3% 2% 5% 3% 3%
STD331 D20 52% 69.4 4.4E+08 5.8E+09 5.1E+07 4.7 1.3E-11
0.3% 3% 2% 5% 2% 3%
STD332 D20 75% 69.1 4.9E+08 5.9E+09 5.1E+07 4.7 1.3E-11
0.3% 4% 2% 5% 2% 3%
STD336 D20 100% 68.7 4.4E+08 5.8E+09 4.8E+07 4.5 1.3E-11
0.3% 3% 2% 6% 3% 3%
STD333 H20 0% 78.3 3.0E+08 4.6E+09 5.3E+07 4.8 1.7E-11
0.3% 4% 3% 5% 3% 4%
STD334 H20 52% 79.2 3.1E+08 4.6E+09 5.4E+07 4.9 1.7E-11
0.3% 4% 3% 5% 3% 4%
STD335 H20 75% 78.9 3.3E+08 4.7E+09 5.8E+07 4.8 1.7E-11
0.3% 4% 3% 6% 3% 4%
STD337 H20 100% 78.4 3.2E+08 4.5E+09 4.8E+07 4.6 1.7E-11
0.3% 4% 2% 4% 3% 4%
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Figure 4.44 Fission converter power and epithermal neutron flux at the patient position
for different spacer compositions
4.3.6.3 Side Reflectors
Finally, the impact of filling the triangular slot on each side of the fission
converter (between the last fuel element and the down-comer) with a reflector was
examined. Fission converter power and in-air beam performance parameters were
calculated with these triangular prisms filled with aluminum, graphite, and the
appropriate coolant. The same fission converter beam configuration as in section 4.3.6.2
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was used for this set of calculations. Calculations were made with both H20 and D20
cooling. Table 4.15 gives the results of these calculations. Aside from differences in
power smaller than 1%, there are no statistically significant differences in beam
performance for each coolant. Hence, the composition of this part of the design can be
entirely determined by other engineering considerations. It would probably be
advantageous to include these triangular areas in the down-comers thereby increasing
their flow area.
Since neutron leakage out of the top, bottom, and sides of the converter are small
compared to leakage out the front and back, it is not surprising that using side reflectors
and spacers above and below the fuel has a negligible impact.
Table 4.15 Impact on the fission converter of triangular side reflectors
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Run ID Coolant Side Reflector Power th 0epi *f Dfn Dfn/epi
kW n/cm2s n/cm2 s n/cm2s cGy/min cGycm2/n
STD330 D20 Aluminum 69.7 4.6E+08 5.7E+09 4.8E+07 4.7 1.4E-11
0.3% 3% 2% 5% 3% 3%
STD338 D20 Graphite 70.1 4.6E+08 5.7E+09 4.9E+07 4.5 1.3E-11
0.3% 3% 2% 5% 3% 3%
STD341 D20 D20 69.8 4.6E+08 5.7E+09 5.1E+07 4.7 1.4E-11
0.2% 3% 2% 5% 2% 3%
STD333 H20 Aluminum 78.3 3.0E+08 4.6E+09 5.3E+07 4.8 1.7E-11
0.3% 4% 3% 5% 3% 4%
STD339 H20 Graphite 77.8 3.0E+08 4.6E+09 5.0E+07 4.6 1.7E-11
0.2% 3% 2% 4% 2% 3%
STD342 H20 H20 77.8 2.9E+08 4.5E+09 5.2E+07 4.8 1.8E-11
0.2% 3% 2% 4% 2% 3%
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4.4 Shutter Closure Study
Although the cadmium curtain in front of the converter will be able to eliminate
virtually all thermal neutrons incident on the fission converter, because of its stepped
absorption cross section (see Figure A.19) it will not affect the fast flux that reaches the
converter which can thermalize in the coolant and induce fission. Hence, because power
production in the fission converter will not completely cease when the cadmium curtain is
lowered, understanding the effect of lowering the cadmium curtain is important. This
information will be useful for safety analysis of the fission converter thermalhydraulic
system and for shielding aspects of the fast-acting shutter that will be located in the
collimator.
To study the power reduction caused by the cadmium curtain, fission converter
power and in-air beam performance parameters were calculated with a cadmium shutter
positioned at varying heights in front of the fission converter. The shutter used in the
model, depicted in Figure 4.45, was based on the current thermal column cadmium
shutter which is composed of a 0.0508 cm layer of cadmium sandwiched between two
0.635 cm layers of aluminum. The 2200 m/s attenuation factor for this thickness of
cadmium is 3.0 x 10-3. Calculations were made with the bottom of the shutter at 5
different elevations referenced to the fission converter centerline: -81.9 cm, the fully
closed position; -33.3 cm, the bottom of the fuel; 0.0 cm, the fuel midline; 33.3 cm, the
top of the fuel; and 81.9 cm, the fully withdrawn position.
The fourth (and final) fission converter design was used in this study with the
"standard" filter composed of 68 cm 70% AIF 3/30% Al + 2 cm Ti. This beam employs
an 8 cm thick photon shield and a rectangular (i.e., like a truncated pyramid) collimator
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lined with a 15 cm thick layer of lead. The filter/moderator is surrounded by a 10 cm
thick lead reflector. Burned fuel with D20 cooling was used in the fission converter.
The results of the shutter closure calculations are listed in Table 4.16. Figure 4.46
and Figure 4.47 show the fission converter power, epithermal neutron flux at the patient
position, and fast neutron dose at the patient position as a function of cadmium shutter
height above the fission converter centerline. Both the epithermal flux and the fast
neutron dose scale with the fission converter power, as expected. The small decrease in
power as the shutter moves from the fully open position to the top of the fuel is due to a
shadowing effect where the shutter absorbs thermal neutrons that would otherwise enter
the converter above the top of the fuel and scatter down into the converter and there
induce fission. This effect is also evident in the fact that the power calculated with the
shutter at the fuel centerline is lower than what is estimated by interpolation between
values calculated with the shutter at the top and bottom of the fuel. Although fully
lowering the cadmium curtain reduces the fission converter power to 0.7% of its full
power value, the 0.5 kW produced in this condition is nonnegligible and should be
accounted for in analysis of the fission converter thermalhydraulic system. The fast
neutron dose rate present when the converter is shut down, at 0.13 cGy/min, is also
significant. and necessitates the use of an additional fast-acting shutter or an alternative
shutdown mechanism to ensure the safety of clinicians working in the medical room. The
additional shutter, which is being designed by Balendra Sutharshan, will reduce dose rates
in the medical room to within NRC and OSHA limits when the beam is off.
To ease the shielding requirements of the fast-acting shutter and simplify its
design, improvements to the cadmium shutter should be investigated. Using boral in
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place of or in addition to cadmium could reduce the shut-down power because, unlike
cadmium, boron is a 1/v absorber and would absorb more epithermal neutrons.
Increasing the thickness of cadmium is unlikely to result in a more effective shutter since,
as comparison of the thermal attenuation factor (0.3%) and the power reduction (to 0.7%)
suggests, it is primarily epithermal neutrons that penetrate the shutter to induce fission.
Using a layer of hydrogenous material in front of the absorber would also help reduce
power, but the thickness of material required to produce a significant benefit might be too
large to fit into this tightly constrained area. The desired effect of the shutter is a
reduction in fission converter power by a factor of 103.
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Figure 4.45 Thermal column cadmium curtain design. (Reference drawing R3S-37-4)
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Fission converter power and beam performance as a function of cadmium
shutter position.
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Table 4.16
Shutter
HeightRunID above Fuel Power 4th epi f JItht Jepi/4epi JWff Dfn Dfn/•epi
Centerline
cm kW n/cm2s n/cm 2s n/cm2s cGy/min cGy cm 2/n
STD486 -81.9 0.523 1.3E+07 1.4E+08 1.4E+06 0.64 0.67 0.70 0.13 1.5E-11
0.8% 5% 5% 10% 7% 6% 14% 8% 9%
STD487 -33.3 1.24 2.1E+07 2.5E+08 2.4E+06 0.63 0.66 0.69 0.21 1.4E-11
0.5% 4% 3% 6% 6% 4% 8% 4% 5%
STD488 0.0 33.8 4.0E+08 5.7E+09 4.8E+07 0.65 0.66 0.69 4.5 1.3E-11
0.3% 3% 2% 4% 4% 2% 6% 2% 3%
STD489 33.3 73.8 8.7E+08 1.2E+10 1.1E+08 0.64 0.66 0.69 9.5 1.3E-11
0.2% 2% 1% 3% 3% 2% 4% 2% 2%
STD473 81.9 78.1 9.1E+08 1.3E+10 1.2E+08 0.66 0.67 0.68 10.4 1.3E-11
0.2% 2% 1% 3% 2% 2% 4% 1% 2%
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Figure 4.46 Fission converter power and epithermal neutron flux at the patient position
as a function of cadmium shutter height
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Figure 4.47 Fission converter power and fast neutron dose at the patient position as a
function of cadmium shutter height
One additional device for shutting down the epithermal beam was investigated.
This mechanism, inspired by an initial design of the BMRR fission converter beam,"
would lift the fuel elements in the fission converter up above the filter moderator as the
cadmium shutter is lowered. Moving the converter to a location where radiation from the
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converter must penetrate heavy concrete shielding to reach the patient position would
significantly reduce the fast neutron and photon dose rates in the medical therapy room.
This might reduce the shielding requirements for a fast acting shutter located in the
collimator and simplify its design. However, the fuel would have to move rapidly, which
is a non-trivial engineering and safety issue.
Table 4.17 compares in-air flux and dose parameters at the patient position with
and without the fuel present. Both cases employ D20 cooling with the standard 68 cm
70% AlF3/30% Al - 2 cm Ti filter with an 8 cm thick bismuth photon shield. Burned fuel
is used in the calculation with fuel present. By removing the fuel, the fast neutron dose
rate is reduced to 0.042 cGy/min, 0.4% of its full power value. However, the photon dose
rate is reduced to 2.59 cGy/min, 32% of its full power value. The reduction in the photon
dose rate is much smaller than the reduction in the fast neutron dose rate because, despite
the fact that the source of fast neutrons is removed, the largely thermal neutron flux
incident on the fission converter beam still produces many photons in the structures of the
beam.
By completely removing the fuel from the model, this calculation underestimates
the dose rates at the patient position because in a real implementation of this mechanism,
the fuel could not be completely removed from the radiation field; the reduction of
neutron flux incident on the converter and the resulting decrease in power depend on how
high above the 14 inch window the converter can be raised. One should also realize that,
discounting any mechanical constraints, the dose rate on the reactor top due to the fission
converter would limit this height since some shielding provided by the intervening
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column of water would be lost with this shutdown mechanism. Nevertheless, the
calculation is useful in determining the effectiveness of this shutdown mechanism.
Table 4.17 Comparison of in-air flux and dose parameters at the patient position with
and without the fission converter fuel in place.
Run ID Power 4. .epi Lf J thJepi fepi Jf/f DDfn D Dfn/epi D,/epi
kW n/cm2 s nlcm2s n/cm2s cGy/min cGy/min cGy cm2/n cGycm2ln
STD510 0 6.0E+06 3.6E+07 4.8E+05 0.68 0.65 0.70 0.042 2.59 2.0E-11 7.3E-08
7% 10% 21% 9% 13% 30% 17% 1% 19% 10%
STD473 78.1 9.1E+08 1.3E+10 1.2E+08 0.66 0.67 0.68 10.4 8.0 1.3E-11 1.0E-11
0.2% 2% 1% 3% 2% 2% 4% 1% 2% 2% 2%
4.5 Graphite Reflector Removal for Window
Expansion
The spatial variation of the neutron flux incident on the fission converter is
primarily determined by the 14 inch window through the graphite reflector that extends
from the D20 reflector to near the face of the converter (see Figure 4.1). The high
scattering of the graphite reduces the neutron flux outside the window to a small fraction
of the intensity inside the window (assumed empty). Because neutrons passing through
the 14 inch window directly illuminate only part of the active region of the fission
converter, the impact of enlarging the 14 inch window to illuminate the entire active area
of the fission converter was studied. Although this modification to the graphite reflector
could increase the beam intensity by raising the fission converter power, implementation
would be very difficult because of the high radiation field and physical constraints of the
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thermal column vertical duct. The presence of the aluminum gasket that makes the gas
seal between the reflector and the thermal column would compound this difficulty.
Before considering the effect of the window size on beam performance, it is
useful to examine neutron flux profiles for the different size windows. The flux profile at
the edge of the graphite reflector was calculated by tallying the thermal column surface
source (see section 2.1) in a matrix of 5 cm squares. Figure 4.48 shows the flux profile
on the edge of the graphite calculated with the window size at 35.6 cm by 35.6 cm. The
neutron flux peaks at 2.1 x 1012 n/cm2s in the center of the 14 inch window. Outside the
window, the flux ranges from about 1 to 3 x 1011 n/cm2s. The relative error averages
around 5% inside the window and around 10% outside the window. The integral of the
neutron flux over the fuel area is 3.60 x 1015 n/s (0.4% relative error).
To determine the flux profile at the graphite edge with an enlarged window, a
criticality calculation of the core model was run to generate a new surface source. In this
model, the window through the graphite reflector was enlarged from 35.6 by 35.6 cm to
88.8 by 66.7 cm. The larger dimensions match the active area of the fission converter.
As before, the flux profile was calculated by tallying the new surface source in a
matrix of 5 cm squares. Figure 4.49 shows that the neutron flux again peaks at 2.1 x 1012
n/cm2s in the center of the window. Thus enlarging the window would illuminate the
entire fuel area with a high and spatially uniform flux. The magnitude of the flux outside
the window is the same as in the previous case. With the enlarged window, the integral
of the neutron flux over the area of the fuel is 9.66 x 1015 n/s (0.4% relative error), 2.48
times greater than with the normal-sized window.
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Next, the surface source calculated with the enlarged window was transported
through the fission converter beam model so that power and in-air figures of merit at the
patient position could be determined. The fission converter beam model was attached to
the core model with the enlarged window so that the modified reflector geometry could
be correctly simulated. The fuel in the core was replaced by vacuum to prevent infinite
histories due to supercriticality. For this calculation, fission converter design 3 (see
Figure 4.8) was configured with D20 cooling and spent fuel. Aluminum filled the
triangular space on the sides of the fission converter. The 68 cm 70% A1F3/30% Al - 2
cm Ti filter was used with an 8 cm thick bismuth photon shield and a 3 cm thick bismuth
collimator lining.
Table 4.18 compares power and in-air figures of merit for similar designs of the
fission converter beam differing only in the size of the window through the graphite
reflector. By increasing the size of the window so that the entire fuel area is illuminated,
the power increases from 69.7 to 132.9 kW. The factor of 1.91 increase in power is
somewhat less than that predicted by using the ratio of the integrals of the flux over the
fuel area (2.48). The difference is probably due to removal of the reflector in front of the
converter; with the enlarged window, more neutrons emerging from the front of the
converter have a longer distance to travel before reaching a solid material where they can
scatter back to the converter.
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Table 4.18 Power and in-air figures of merit for the fission converter beam with the
normal and enlarged reflector windows.
Run ID Reflector Power Oth Oepi f Dfn Dfn/oepiWindow
kW n/cm2s n/cm2s n/cm2s cGy/min cGy cm2/n
STD330 Normal 69.7 4.6E+08 5.7E+09 4.8E+07 4.7 1.4E-11
(35.6 x 35.6 cm) 0.3% 3% 2% 5% 3% 3%
STD347 Enlarged 132.9 7.1E+08 1.OE+10 8.8E+07 8.4 1.4E-11
(88.8 x 66.7 cm) 0.2% 3% 2% 4% 2% 3%
Although enlarging the window increases power by 91%, the epithermal flux at
the patient position is increased by only 80%. This difference can be explained by
considering the power shapes in the fission converter for the two cases. Figure 4.50
compares average horizontal and vertical power profiles in the fission converter with the
two window sizes. Figure 4.51 and Figure 4.52 depict the power profiles in the fission
converter with the enlarged and normal-sized windows, respectively. In the horizontal
direction, the power profile computed with the enlarged window is much flatter than the
profile computed with the normal-sized window. Also, in the vertical direction, the
profile computed with the enlarged window is peaked at the top and bottom whereas the
other profile is relatively flat. Because the power profile with the enlarged window is not
strongly peaked at the center of the fission converter as in the case of the normal-sized
window, neutrons have further to travel to reach the patient position and will therefore
experience greater reduction in intensity due to attenuation, scattering out of the beam
since more neutrons are near the beam edge, and 1/r2 spreading. Hence, on a per unit
power basis, transport from the fission converter with the enlarged window is less
efficient because the power distribution is different.
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The 80% increase in epithermal flux gained by enlarging the 14 inch window is
substantial, but it is probably not be worth the expense and difficulty of removing part of
the graphite reflector.
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Figure 4.48 Neutron flux profile at the graphite reflector edge near the converter with
the window size at 35.6 by 35.6 cm. Flux was tallied in a matrix of 5 cm
squares.
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Figure 4.49 Neutron flux profile at the graphite reflector edge near the converter with
the window size at 88.8 by 66.7 cm. Flux was tallied in a matrix of 5 cm
squares.
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Figure 4.50 Comparison of average horizontal and vertical power profiles in the fission
converter with different graphite reflector window sizes. D20 cooling is
used with burned fuel (312 g 235U per element).
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Figure 4.51 Power profile in the fission converter with the enlarged window through
the graphite reflector (88.8 by 66.7 cm). D20 cooling is used with burned
fuel (312 g 235U per element).
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Figure 4.52 Power profile in the fission converter with the enlarged window through
the graphite reflector (35.6 by 35.6 cm). D20 cooling is used with burned
fuel (312 g 235U per element).
4.6 Conclusions
Using Monte Carlo simulation to study and optimize the fission converter beam
design allowed great flexibility in the analysis; many studies would have been difficult to
carry out with a deterministic transport method. Analysis of the fission converter with
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these methods has lead to an optimal design in which the 11 MITR-II fuel elements of the
converter are contained in a tall double-walled trapezoidal aluminum tank located in the
vertical duct of the thermal column which houses the main coolant pipes. The thin front
walls (both 0.635 cm thick) minimize attenuation of the incident thermal neutrons. The
thick rear walls of the tank (2.54 cm inner and 0.635 cm outer) and a central cross-tie give
the tank stiffness so that minimal bowing results from hydrostatic pressure. The
aluminum of the thick rear tank walls simply acts as an extension of the filter/moderator
and is not detrimental to beam performance. The trapezoidal shape of the tank fills the
space between the main coolant pipes well, reducing radiation streaming in the thermal
column vertical duct. The double walls of the tank will prevent loss of coolant accidents.
As expected, fuel loading and coolant were found to significantly affect beam
performance. For both D20 and H20 cooling, power varies linearly with fuel loading.
With the MITR-II at 5.0 MW and with D20 cooling, fission converter power ranges from
78.1 kW with spent fuel (312 g 235U per element) to 102.9 kW with fresh fuel (510 g 235U
per element). With H20 cooling, the fission converter power is somewhat higher, ranging
from 83.1 kW with spent fuel to 124.9 kW with fresh fuel. Epithermal flux at the patient
position also varies linearly with fuel loading, but is greater with D20 cooling than H2 0
cooling, despite the lower power generated in the D20 cooled systems. In D20 cooled
systems, the epithermal flux at the patient position varies from 1.3 x 1010 n/cm 2s with
spent fuel to 1.7 x 1010 n/cm2 s with fresh fuel. The epithermal flux produced by H2 0
cooled systems is substantially lower, varying from 8.5 x 109 n/cm2s with spent fuel to
1.3 x 1010 n/cm2s with fresh fuel. This variation of epithermal neutron flux with coolant
is best characterized by the epithermal flux per unit power, which at 1.65 x 108 n/cm2 kJ
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for D20 cooling, is 60% higher than the value for H20 cooling, 1.03 x 108 n/cm 2kJ. In
addition to the advantage of higher beam intensity, D20 cooling provides a better quality
beam; i.e., with D20 cooling the specific fast neutron dose at the patient position is 1.29 x
10.11 cGy cm2/n while with H20 cooling the specific fast neutron dose is 1.76 x 10-11 cGy
cm2/n (36% higher than for D20 cooling). D20 provides better neutronic performance
than H20 cooling because H20 overmoderates useful portions of the neutron spectrum
when used with the MITR-II fuel elements.
Although it provides superior neutronic performance, D20 coolant has a few
disadvantages, namely its high cost of -$100/kg and that tritium production and
degradation by atmospheric moisture would require a D20 cooling system to be closed.
Because the enhanced performance achieved with D20 appears to offset its associated
engineering difficulties, it is recommended that a D20 cooling system be used in the
fission converter.
The eigenvalue of the converter itself is quite low, ranging from 0.268 for spent
fuel with D20 cooling to a maximum of 0.618 for fresh fuel with H20 cooling. Although
these configurations are extremely subcritical, their effect on the core is not clearly
negligible. The reactivity insertion due to the fission converter calculated for fresh fuel
with H20 cooling, which produces the maximum effect, is 0.3%_-0.2% (Ak/k). This
seemingly small effect could exceed the 0.2% reactivity insertion limit for moveable
experiments in MITR-II. One should note, however, that the uncertainty in this value is
very large and also that other configurations (i.e., D20 and spent fuel) result in lower
reactivity insertions. The reactivity insertion associated with a fission converter using
D20 coolant and spent fuel is not detectable (-0.06%±0.2%).
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In simulation of the beam with a 0.0508 cm thick cadmium curtain positioned in
front of the fission converter, fission power was reduced to 0.7% of its full power value.
In this condition, the fast neutron dose rate at the patient position is reduced to 0.13
cGy/min, a substantial shut-down hazard requiring an intervening shutter located in the
collimator. The effect of removing graphite from the reflector to expand the 14 inch
window and increase the area of the fission converter illuminated by the core was also
investigated. This modification, although difficult to implement, would result in a 91%
increase in power and an 80% increase in epithermal flux at the patient position.
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CHAPTER FIVE
Epithermal Beam Design
5.0 Introduction
By filtering a neutron beam with appropriate materials, it can be tailored into the
desired epithermal spectrum with a low background of fast neutrons and photons without
an undesirably large loss of epithermal intensity. The filter should allow epithermal
neutrons in the -~1 eV to -10 keV range to pass through relatively unimpeded while
strongly attenuating fast and thermal neutrons and photons. Good neutron filtration can
be achieved with resonance scattering materials, whose neutron cross sections have large
scattering resonances in the fast energy range, 1/v behavior in the thermal region, and a
relatively low, flat cross section at epithermal energies which effects a window for
epithermal neutrons. Undesirably high levels of thermal neutrons in a neutron beam can
be reduced by thermal neutron absorbers such as Cd, 10B, or 6Li. Likewise, photon
contamination in a neutron beam can be reduced to acceptably low levels with a high Z
material such as bismuth or lead. However, selecting materials with low (n,y) cross
sections ab initio reduces the need for high Z material near the patient p6sition which
may decrease epithermal flux.
267
Neutronic Design of a Fission Converter-Based Epithermal Neutron Beam for Neutron Capture Therapy
In section 1.2 a number of design goals for the fission converter based epithermal
neutron beam were established. The first is that the epithermal neutron flux should
ideally be sufficiently intense that the irradiation time is short compared to the time
required for patient setup, allowing maximum patient throughput in the facility. Since the
minimum patient setup time that could be expected is about 15 minutes, a reasonable
period for irradiation is a few minutes. For this rapid dose delivery, an epithermal flux of
approximately 1010 n/cm2 s is required.
The next criterion limits the adventitious dose components. In order that the
reducible adventitious dose components (incident photon and fast neutron dose) not
influence the dose profiles and advantage parameters significantly under any reasonable
boron uptake scenario, they should be small compared to the irreducible induced photon
dose due to neutron capture by hydrogen and nitrogen. Since the peak specific dose from
the inherent gamma ray component is approximately 2 x 10-10 cGy cm2/epi n, the specific
fast neutron and photon doses should be less than about 2 x 1011 cGy cm2/epi n.
Beam directionality, as quantified by the current to flux ratio (degree of
collimation), J/4, has been suggested as a design parameter as well.' Ideal beam studies
have shown that for large beams (equal to or larger than the target), while advantage
depth increases with J/0, advantage ratio decreases.2'3 The optimal degree of collimation
depends on beam size versus target size. Furthermore, since the effect of collimation on
advantage parameters is relatively small, this criterion is often secondary to those for
beam quality (low background) and intensity. Despite this a value for the current to flux
ratio is recommended in Reference 1 (J/0 2 0.8) and this value is a reasonable goal which
if not fully achieved will not prevent high quality performance. 2 '3
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Although adherence to these three criteria should provide a beam that produces
depth-dose profiles with excellent therapeutic ratios and deep effective beam penetration
as realized in an ellipsoidal head phantom, the advantage parameters*, which quantify
beam performance in a realistic situation, are really the ultimate figures of merit for beam
performance. However, due to computational limitations, especially computation time, it
is presently much more practical to use figures of merit determined in air to measure
beam performance in design studies where a wide range of parameters are varied.
In addition to requirements on beam performance, other considerations influence
the design. First, the design should employ suitable materials that are neither exorbitant
nor exotic. The materials used should have good engineering properties: they should not
change phase under either normal or accident operating conditions (excluding fission
converter coolant) and the radiation field should not cause decomposition or
accumulation of long-term activity that would make beam modification or
decommissioning difficult. Also, the beam should be well-shielded so that areas outside
the target receive relatively little dose. Furthermore, when the fission converter is shut
down, an additional shutter (deployed in the collimator) will be desirable to reduce the
dose rate in the irradiation room to acceptably low levels for medical technicians to work
in the area.
In this chapter, the analyses used to develop a beam design capable of fulfilling
these design goals will be discussed. Optimization of the filter/moderator is described
first, including a discussion of relevant properties of materials considered in the beam
design and neutronic performance of various filter materials. Next, the impact of the
*Advantage depth, advantage ratio, and advantage depth dose rate are discussed in section 2.3.
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thermal neutron filter is analyzed. After discussion of the neutron filters, optimization of
the photon shield is presented along with analysis of the photon dose, where the total
photon dose is resolved into components arising from the different elements of the beam
design. Then optimization of the collimator is considered, including analysis of the
impact of the collimator shape and collimator lining on beam performance. After
presenting all of the analyses used in the beam development and optimization, a few
calculations illustrating the beam performance (i.e., filtration) are discussed. That is, the
neutron spectrum and flux, etc., are presented as functions of position in the beam.
Finally, dose profiles in an ellipsoidal head phantom are presented for selected beam
designs.
The reader should be aware that because the fission converter and beam design
evolved as these analyses were completed, the parametric studies presented here were not
all carried out with exactly the same base design. Hence, although each study is self-
consistent, comparison of results from different sets of calculations may be somewhat
misleading and should be made carefully.
5.1 Filter Optimization
Figure 4.1.7, which shows the partial current spectrum in the forward direction at
the interface between the fission converter and the filter moderator, indicates that the
neutron spectrum incident on the filter/moderator, although slightly moderated by coolant
in the fission converter, is still very hard with a large fast neutron contamination. In order
to obtain a clean epithermal spectrum from this slightly moderated fission spectrum, the
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neutron beam must be filtered with special materials. Earlier analysis in section 4.3.3 of
the impact of the thickness of coolant in the fission converter on beam performance
demonstrated that simply moderating the spectrum will not improve beam performance.
For D20 coolant thicknesses of about 1 or 2 cm, increasing the thickness of coolant
further results in a large loss of epithermal intensity with only a small reduction in fast
neutron contamination. Hence we must turn to other materials to achieve the desired high
quality epithermal spectrum.
Resonance scattering materials offer the best possibility of obtaining an
epithermal spectrum. Due to cross sections with large scattering resonances at high
energies, relatively low, flat cross sections at epithermal energies, and effective 1/v
behavior at low energies (due to thermal motion of nuclei), resonance scattering materials
effect a window for epithermal neutrons, allowing them to pass through relatively
uninhibited compared to fast and thermal neutrons. A material like this could be
considered to be a band-pass filter for epithermal neutrons. In addition, some resonance
scattering materials, like fluorine, offer the further advantage of inelastic scattering,
which can result in large energy losses in a single collision. Examples of resonance
scattering materials include aluminum, titanium, fluorine, and sulfur. Cross sections for
these and other relevant materials can be found in Appendix A.
Although resonance scattering materials preferentially attenuate fast neutrons
because of their high resonances in the fast energy region, their cross sections for
epithermal neutrons are not negligible. Hence, because reduction of fast neutron
contamination cannot be accomplished without some loss of epithermal intensity a
tradeoff between epithermal intensity (Pepi) and beam quality (Dfn/Oepi) must be
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considered. Optimization of a filter/moderator entails determination of the optimum
material or mixture of materials and their thickness.
In addition to the "hands-on" experience gained here at MIT in the design of the
current M67 beam in the MITR-II medical irradiation room and its predecessors,
numerous analytical design studies for reactor based epithermal neutron beams found in
the literature have provided guidance in the design of this fission converter based-
epithermal beam.4 Of particular utility are those by Auterinen et al., who have conducted
extensive studies of filter materials for epithermal neutron beams5' 6 using the one-
dimensional discrete ordinates transport code ANISN. 7 Their analyses determined the
thickness of various filter materials needed to reduce the specific fast neutron dose of a
neutron beam emerging from the Finnish FiR 1 TRIGA II reactor to 2.6 x 10-11 cGy
cm2/epi n and the resulting epithermal neutron flux. They investigated some of the more
promising filter materials with the three dimensional discrete ordinates transport code
TORT.8
Some authors have considered rather unconventional materials (e.g., TiD2) in their
neutronic analyses.9'10 In order to avoid potential materials issues (such as phase changes
or decomposition at normal operating temperatures), and show that the materials used
have good engineering properties, the description of filter optimization will begin with a
discussion of relevant properties, both nuclear and engineering, of the materials
considered in the beam design. Then, the neutronic performance of the various filter
materials will be assessed in the fission converter beam design.
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5.1.1 Material Properties
Table 5.1 lists most of the materials considered for use in the fission converter
beam design with their mass density, melting point, and other chemical properties that
could be problematic. The intense radiation field may result in elevated temperatures in
the fission converter beam.
Aside from sulfur, which undergoes a phase transition at 95.5 0 C, none of the other
materials that might be used undergo phase transitions below 2710 C (bismuth's melting
point). (Although pure lithium is excluded from consideration because of its
flammability, it could be used if alloyed with aluminum or as a dopant of another material
or as a compound such as lithium oxide.)
Other chemical interactions may be of concern as well. For instance, aluminum
sulfide decomposes in moist air. The fluorides emit toxic fumes of F when heated to
decomposition. Aluminum fluoride is of particular interest because of its superior
filtering properties. The aluminum industry consumes large amounts (400,00 to 500,00
metric tons per year) of this material. In 1985, the price of AlF3 was -$385 per metric
ton." Fortunately, it is only above 500'C and in the presence of water vapor that
pyrohydrolysis of aluminum fluoride occurs with evolution of hydrogen fluoride, which is
extremely toxic. Aluminum fluoride is very inert at room temperature. A composite of
30% Al + 69% AlF3 + 1% Li(nat)F (mass percent) has been manufactured by the Finnish
VTT. This composite has remained stable when irradiated and appears to be firm enough
to carry its own weight in large blocks. 6,12
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Many of the materials are somewhat toxic, carcinogenic, or otherwise irritating if
ingested or inhaled in fine aerosol, so standard precautions should be taken when
machining or handling these materials in the construction of the beam.
Nuclear and slowing down properties of materials considered for use in the fission
converter beam are listed below in Table 5.2. Molecular density, average atomic mass
(m), average logarithmic energy decrement (4), average number of elastic collisions to
downscatter from 2 MeV to 10 keV are listed as well as thermal, epithermal, and fast
cross sections. The thermal cross sections are taken at 2200 m/s while the epithermal and
fast cross sections are averages over the respective energy ranges of the MCNP
continuous energy cross section data. The cross section calculation, which uses the
spectrum incident on the fission converter as a weighting spectrum, is described in
Appendix A, which also presents continuous energy cross sections from MCNP for
isotopes of interest.
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Table 5.1 Properties of materials considered for use in the fission converter beam
design. Compiled from References 13 and 14.
Material Mass Melting Chemical Compatibility
Density Point
g/cm 3  0C
Moderators
H20 0.997 0.0 Boils at 100'C under 1 atm pressure
D2 0 1.104 3.8 Boils at 101.420 C under 1 atm pressure
Resonance Scatterers
Al 2.7 659
AlF3  2.882 1291 Poisonous, emits toxic fumes of F" when heated to
decomposition, sublimation at 1260 0C (or 760 - CRC)
A120 3  3.965 2072
Ti 4.5 1677 Dust may ignite spontaneously in air, ignites at 12000 C in
air, phase transition at 8820C
D2Ti 3.92 400 Decomposes at 4000 C
TiF4  2.798 > 400 Hygroscopic, sublimation at 2840 C
S 2.07 119 Solid phase transition at 95.50 C, poisonous, can react
violently with halogens, nickel, and aluminum
A12S3  2.02 1100 Decomposes in moist air
Reflector and Photon Shield Materials
Ni 8.92 1455 Solid phase transition at 3530 C, poisonous, carcinogenic
Bi 9.75 271.1 Poisonous if ingested
Pb 11.35 327.43 Poisonous if ingested
PbF2  8.24 824 Emits toxic fumes of Pb and F when heated to
decomposition, vigorous reaction with fluorine
Graphite 1.6 3652
High 3.54 Maximum allowable temperature 88oC1' 16
Density
Concrete
Thermal Neutron Absorbers
Cd 8.65 320.9 Carcinogenic if vapors are inhaled
Li 0.534 179 Flammable, reacts vigorously with water or air
Li2CO3  2.11 618 Poisonous if ingested, possible carcinogen,
B 1_ 2300 Poisonous if ingested, flammable in powder form
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Table 5.2 Neutronic properties of materials considered for use in the fission
converter beam design. Thermal cross sections are from Reference 17;
others are from Reference 18.
Avg. No. of Elastic Thermal (0.025 eV) Epi. Fast
Material Molecular m Collisions from Ga O, Ut Ot at
Density 2 MeV to 10 keV
#/b cm amu collisions b b b b b
Moderators
H 1 1 5.3 0.33 38 38 19.8 3.51
D 2 0.725 7.3 0.00046 7 7 3.38 2.44
H20 0.0334 0.920 5.8 0.66 103 103 43.2 9.54
D20 0.0333 0.509 10.4 0.001 13.6 13.6 10.5 7.40
Resonance Scatterers
Al 0.0603 27 0.072 73.3 0.241 1.4 1.64 1.55 3.04
O 16 0.120 44.2 0.0004 4.2 4.2 3.74 2.52
F 19 0.102 52.1 0.001 3.9 3.90 3.63 3.25
AlF3  0.0207 0.244 13.1 13.3 12.4 12.8
Al203  0.0234 0.483 15.4 15.9 14.3 13.6
Ti 0.0566 47.9 0.041 128.6 5.8 4 9.8 13.3 3.55
D2Ti 0.0455 5.8 18 23.8 20.0 8.43
TiF4  0.0136 5.8 19.6 25.4 27.8 16.6
S 0.0389 32 0.061 86.5 0.52 1.1 1.62 1.09 2.80
Al2S3  0.0081 2.04 6.1 8.14 6.38 14.5
Reflector and Photon Shield Materials
Ni 0.0915 4.6 17.5 22.1 16.3 3.54
Bi 0.0281 209 0.010 555.4 0.034 9 9 11.8 6.83
Pb 0.0330 207.2 0.010 550.7 0.170 11 11.2 11.3 6.70
PbF2  0.0202 0.172 18.8 19 18.5 13.2
Graphite 0.0802 6 0.299 17.7 0.004 4.8 4.80 4.71 2.26
Thermal Neutron Absorbers
Cd 0.0463 112.4 0.018 299.6 2450 7 2457 7.13 5.31
Li 6.93 0.26 20.16 71 1.4 72.4 1.21 1.91
6Li2 CO3  0.0176 1875 18.9 1894 22.3 13.6
T-Li 6 0.299 17.7 937 0.77 938 3.19 1.86
B 10.8 0.174 30.4 755 4 759 6.40 2.21
21B 10 0.187 28.3 3843 2.1 3845 12.0 2.40
5.1.2 Filter Neutronic Performance
Before beginning optimization of the fission converter beam using MITR-II fuel,
calculations were made using simple plate type fuel in an uncomplicated beam model
very similar to that used by Rief.9,10 These initial calculations afforded the author an
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opportunity to learn the MCNP computer code without the impediment of the complex
geometry of the MITR-II reactor model. Furthermore, comparison of calculations using
the simple model with results published by Rief provided confidence that the calculations
were being performed correctly.
5.1.2.1 Filter calculations with simple plate-type fuel
A plan of view the simple fission converter beam under investigation is shown in
Figure 5.1. The model employed an 80 cm diameter circular fission plate composed of
0.24892 cm (0.098 in) thick 19.75% enriched uranium metal clad in 0.0254 cm (0.01 in)
stainless steel 304. This fuel design is very similar to that of the converter plates from the
JANUS reactor at Argonne National Laboratory which were considered for use in the
fission converter (See section 4.2.1). A fission source with a radial cosine power shape
was assumed in the circular fission plate since this power distribution was used by Rief.
A uniform axial power distribution was specified for the thin fission plate. Coolant,
either air or D20, surrounded the fission plate. The filter/moderator consisted of 63 cm of
either Al or AlF3 interspersed with 5 layers of a different filter material, each 2 cm thick.
The materials filling the 2 cm layers were D20, D2Ti, AlF 3, and TiF4 for filter designs
composed primarily of Al. Al and Ti filled the 2 cm layers in the filter composed
primarily of AlF3. The filter/moderator, of rectangular cross section, was surrounded by a
5 cm thick nickel reflector. At the end of the filter moderator was a 0.04 cm thick layer
of cadmium to absorb thermal neutrons followed by a 14 cm thick bismuth photon shield.
The resulting beam of epithermal neutrons was collimated onto the patient position, 80
cm beyond the rear edge of the bismuth photon shield. A 3 cm thick layer of nickel lines
the conical collimator which is backed by high density concrete.
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im1 m OI
Figure 5.1 Plan view of the fission converter beam design using simple plate type fuel
(after Rief).
F. C. Tank Rectangular Reflector 5 cm Ni
Fuel Plate type fuel Photon Shield 14 cm Bi
Coolant varying Collimator Shape Conical
Filter/Moderator varying Collimator Lining 3 cm Ni
Th. Neutron Filter 0.4 mm Cd Collimator Length 86 cm
The calculations were made before the energy-dependent weight windows
variance reduction scheme described in section 2.2.2 was developed; hence energy
independent weight windows are used for variance reduction. More than 1 million
particle histories were run in each of the simulations. The results of the calculations are
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given in Table 5.3 which includes for comparison results for similar filters calculated by
Rief.9'1o All of the calculations, including those by Rief, are scaled to 100 kW fission
power. Because Rief reported the fast to epithermal flux ratio (Of/oepi) rather than specific
fast neutron dose (Dfn/Oepi), specific fast neutron doses for his calculations were estimated
by applying a conversion factor to the fast to epithermal flux ratio. The conversion factor
is the slope obtained from linear regression of the specific fast neutron dose as a function
of fast to epithermal flux ratio obtained from the author's simulations. Figure 5.2, which
plots Dfn/4epi versus flepi, illustrates the linearity of Dfn/oepi with 010epi.
Figure 5.3 plots Dfn versus Oepi for the filter designs described in Table 5.3. The
lower right-hand corner of the plot, with high epithermal intensity and low fast neutron
contamination, is the most advantageous region of the parameter space. A number of
similarities and differences are immediately obvious. First, the calculations by Rief,
which supposedly were done with air cooling, have significantly lower specific fast
neutron dose (by a factor of 2-4) and higher epithermal flux (by a factor of -2) for each
filter design compared to the author's calculations of air-cooled designs. Next,
comparison of calculations done with D20 cooling and air cooling shows that, for each
filter, D20 cooling always produces a lower specific fast neutron dose and in most cases
produces a slightly higher epithermal flux. Hence, slightly moderating the hard spectrum
from this converter plate dramatically reduces the fast neutron contamination with little if
any reduction of epithermal intensity.
Finally, one may observe that the ordering of the filter performance is the same in
all three sets of calculations; i.e., if one follows the points for each coolant out from the
origin to the most distant point, the order is the same. The filters with 63 cm of Al and
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layers of AlF 3 and TiF4 provide the highest epithermal intensity but with the highest fast
neutron contamination. The filters with 63 cm of aluminum and layers of D20 or D2Ti
moderator provide lower epithermal flux and lower specific fast neutron dose than those
with AIF 3 and TiF4. The filter with D2Ti provides significantly lower epithermal flux and
specific fast neutron dose than the filter with layers of D20 because titanium has a much
higher cross section than oxygen in the fast energy range. Unfortunately, titanium's high
resonances also extend down into the epithermal region, causing some loss of epithermal
flux. Finally, the filter with 63 cm of AlF3 and layers of Al and Ti yields the lowest
specific fast neutron dose, but also the lowest epithermal neutron flux.
A number of differences in the way that the calculations were carried out could
lead to the observed differences between the author's calculations with air cooling and
those by Rief. First, while the MCNP Monte Carlo code was used for the author's
simulations, Rief used the TIMOC Monte Carlo sensitivity code which he developed at
JRC Ispra. While continuous energy cross sections derived from ENDF/B-V were used
with MCNP, Rief used multigroup cross sections from SCALE-3 derived from older
cross section data.19 Furthermore, it is unlikely that the models themselves are exactly
alike. In fact, References 9 and 10 indicate that Rief's design employs air cooling for the
fission converter and a 15 cm bismuth gamma shield while another table from Rief
(whose source is unknown but shows the same beam results for the same filters as in
Refs. 9 and 10) specifies air or D20 cooling and a 14 cm lead gamma shield. Differences
in material densities and geometry would certainly contribute to the differences in beam
performance. Considering these differences, it is not surprising to find discrepancies
between these and Rief's results. Because the results differ not by orders of magnitude,
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but rather by factors of a few, these comparisons should be generally be considered as a
confirmation that no egregious errors have been made.
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Table 5.3 Comparison of fission converter beam calculations using simple plate-type
fuel with calculations by Rief. 10
F. C. Tank Rectangular Reflector 5 cm Ni
Fuel Plate type fuel Photon Shield 14 cm Bi
Coolant varying Collimator Shape Conical
Filter/Moderator varying Collimator Lining 3 cm Ni
Th. Neutron Filter 0.4 mm Cd Collimator Length 86 cm
Run ID Filter Coolant }th epi Of Dfn Dfn/Oepi f/oepi
n/cm2s n/cm2s n/cm2 s cGy/min cGy cm2/n
Rief 63 cm Al + ? 2.30E+10 6.22E+08 27 1.9E-11 0.027
5x2 cm D20
DALR3X 63 cm Al + Air 6.4E+08 1.4E+10 1.5E+09 54 6.6E-11 0.11
5x2 cm D20 4% 1.0% 3% 4% 4% 3%
DALR3Y 63 cm Al + D20 1.3E+09 1.7E+10 1.1E+09 37 3.5E-11 0.06
5x2 cm D20 3% 0.9% 3% 4% 4% 3%
Rief 63 cm Al + ? 1.67E+10 2.85E+08 14.2 1.4E-11 0.017
5x2 cm D2Ti
D2TIRX 63 cm Al + Air 4.6E+08 7.3E+09 4.8E+08 19.1 4.4E-11 0.07
5x2 cm D2Ti 2% 0.7% 3% 4% 4% 3%
D2TIRY 63 cm Al + D20 6.08E+08 6.70E+09 2.96E+08 11.1 2.8E-11 0.04
5x2 cm D2Ti 3% 1.0% 5% 6% 6% 5%
Rief 63 cm Al + ? 4.04E+10 4.69E+09 157 6.5E-11 0.116
5x2 cm AlF3
ALALFX 63 cm Al + Air 2.3E+08 2.0E+10 4.0E+09 124 1.OE-10 0.20
5x2 cm AlF 3  8% 1.2% 2% 4% 4% 3%
ALALFY 63 cm Al + D20 9.0E+08 3.5E+10 3.3E+09 95 4.5E-11 0.093
5x2 cm AlF 3  5% 0.9% 3% 4% 4% 3%
Rief 63 cm Al + ? 4.04E+10 3.56E+09 123 5.1E-11 0.088
5x2 cm TiF4
ALTIFX 63 cm Al + Air 2.0E+08 2.0E+10 3.6E+09 123 1.OE-10 0.17
5x2 cm TiF4  8% 1.2% 3% 3% 4% 3%
ALTIFY 63 cm Al + D20 6.7E+08 3.1E+10 2.3E+09 84 4.5E-11 0.075
5x2 cm TiF4  5% 1.0% 3% 4% 4% 3%
Rief 63 cm AIF3 + ? 1.07E+10 2.66E+07 4.3 6.7E-12 0.0025
3x2 cm Al,
2x2cm Ti
ALFTIX 63 cm AlF3 + Air 6.1E+08 5.0E+09 5.6E+07 3.1 1.OE-11 0.011
3x2 cm Al, 2% 0.8% 6% 7% 7% 6%
2x2cm Ti
ALFTIY 63 cm AIF3 + D20 8.3E+08 5.3E+09 3.30E+07 2.0 6.3E-12 0.006
3x2 cm Al, 1.8% 0.8% 9% 8% 8% 9%
2x2cm Ti
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Figure 5.2 Specific fast neutron dose as a function of fast to epithermal neutron flux
ratio (from beam calculations using simple plate-type fuel).
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0.Oe+0
Oe+O le+10 2e+10 3e+10 4e+10
Oepi [n/cm2s]
O 63 cm A + 5 x2cmD 20
o 63 cm Al + 5 x 2 cm D2Ti
A 63 cm Al + 5 x 2 cm AlF 3
O 63cmAl + 5 x2cmTiF4
O 63 cm AlF 3 + 3 x 2 cm Al + 2 x 2 cm Ti
Figure 5.3 Performance (specific fast neutron dose versus epithermal neutron flux) of
the fission converter beam using simple plate-type fuel with different
filer/moderators. The shape of each data point indicates the filter design
while the color denotes the author and type of coolant used.
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5.1.2.2 Filter calculations with MITR-H fuel
After the initial simulations with simple plate-type fuel were completed, analysis
and optimization of the filter/moderator design for a fission converter beam design using
MITR-II fuel was begun. The first set of calculations evaluated the performance of filters
similar to those proposed by Rief, but using burned MITR-II fuel with H20, D20, and air
cooling and fresh MITR-II fuel with H20 cooling. The three filters considered in this set
of calculations are composed of 58 cm Al - 5 x 2 cm D20, 58 cm Al - 5 x 2 cm AlF 3, and
58 cm AlF 3 - 3 x 2 cm Al - 2 x 2 cm Ti. Compared to the filter designs described above
in Section 5.1.2.1, the length of primary filter material (Al or AlF 3) is reduced by 5 cm.
The calculations used fission converter design 1 (see section 4.3.1.1) with a 15 cm thick
bismuth photon shield, a 5 cm thick nickel reflector surrounding the filter/moderator, and
a 108.12 cm long conical collimator lined with nickel 3 cm thick. A 0.04 cm thick
cadmium sheet located before the bismuth photon shield filters out thermal neutrons.
Results of these calculations are listed in Table 5.4. The calculated fission power
varies significantly between the different filter/moderators and fuel/coolant combinations.
For each fuel/coolant combination, the filter composed primarily of AlF 3 is associated
with a higher fission power than the two Al filters. The higher reflectivity of the AlF3
filter results in a greater number of neutrons returning to the fission converter. The
variation of fission power with the two aluminum filters appears to depend on the coolant
and fuel; i.e., for some fuel/coolant combinations the Al - D20 filter is associated with a
higher power while in others, the Al - AlF3 filter is associated with a higher power.
Specific fast neutron dose is plotted versus epithermal flux for these simulations
in Figure 5.4. For each fuel/coolant combination, the filter/moderator associated with the
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highest power, i.e., AlF3 - Al - Ti, produces the lowest fast and epithermal flux and
lowest specific fast neutron dose at the patient position. This counter-intuitive result is
due to the strong filtering action of the AIF 3 - Al - Ti filter/moderator relative to the other
two designs. The configurations with Al - D20 filters have higher epithermal intensity
and specific fast neutron dose. The Al - AlF 3 filters produce the highest epithermal flux
and specific fast neutron dose. Although the Al - D20 and Al - AlF3 filters produce very
high epithermal fluxes, greater than 1010 n/cm2s, their specific fast neutron doses are out
of the range of interest, which is Dfn/Aepi •- 2 x 10- 11 cGy cm2/n.
A few interesting general trends can be observed in Figure 5.4. First, the
filter/moderator has a much greater influence on the intensity and quality (Dfn/fepi) of the
epithermal beam than the fuel and coolant. Next, as should be expected, the fuel and
coolant influence beam performance for each filter in the same way. Compared to H20
cooling with burned fuel, using fresh fuel with H20 cooling increases beam intensity, but
does not affect quality. Compared to H20 cooling with burned fuel, air cooling provides
slightly higher intensity with approximately the same beam quality. Use of D20 cooling
with burned fuel, on the other hand, yields both significantly higher intensity and better
quality than H20 cooling with burned fuel.
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Table 5.4 Fission converter beam performance with various filters using burned
M1TR-II fuel with H20, D20 and air cooling and fresh MITR-II fuel with
H20 cooling.
F. C. Tank Parallelogran Single-walled (Des. 1) Reflector 5 cm Ni
Fuel MITR-II fuel Photon Shield 8 cm Bi
Coolant varying Collimator Shape Conical
Filter/Moderator varying Collimator Lining 3 cm Ni
Th. Neutron Filter 0.4 mm Cd Collimator Length 108.12 cm
Run ID Filter Power h epi f Dfn Dr Df/epi D-/epii
kW n/cm2s n/cm2 n/cm2s cGy/min cGy/min cGycm 2/n cGycm 2/n
H20 Cooling, Burned Fuel
STD146 Al - D20 108.3 8.3E+08 1.2E+10 8.7E+08 34.3 79 4.8E-11 1.1E-10
0.3% 3% 2% 2% 3% 10% 4% 10%
STD147 Al - AlF3  109.2 6.9E+08 2.3E+10 2.7E+09 84.2 103 6.2E-11 7.7E-11
0.4% 3% 1% 2% 2% 12% 2% 12%
STD148 AlF3 - Al - Ti 128.6 8.0E+08 6.3E+09 7.2E+07 4.0 51 1.1E-11 1.5E-10
0.2% 3% 2% 8% 9% 10% 9% 10%
D20 Cooling, Burned Fuel
STD149 Al - D20 90.7 1.1E+09 1.6E+10 9.1E+08 34.6 101 3.7E-11 1.1E-10
0.3% 2% 1% 3% 3% 11% 4% 11%
STD150 Al - AlF3  86.4 8.3E+08 3.2E+10 2.8E+09 86.0 136 4.5E-11 7.3E-11
0.3% 3% 1% 2% 2% 12% 2% 12%
STD151 AlF3 - Al - Ti 100.1 8.5E+08 6.7E+09 5.2E+07 3.4 60 8.4E-12 1.6E-10
0.3% 3% 2% 12% 14% 8% 14% 9%
Air Cooling, Burned Fuel
STD152 Al - D20 9.3E+08 1.5E+10 1.1E+09 40.4 104 4.5E-11 1.2E-10
3% 1% 2% 4% 10% 4% 10%
STD153 Al - AlF3  73.3 5.1E+08 2.7E+10 3.3E+09 97.7 102 6.1E-11 6.3E-11
0.4% 4% 1% 2% 2% 14% 2% 15%
STD154 AlF3 - Al - Ti 82.0 7.5E+08 6.5E+09 6.9E+07 4.6 62.4 1.2E-11 1.6E-10
0.4% 3% 2% 9% 9% 3% 9% 3%
H20 Cooling, Fresh Fuel
STD155 Al - D20 158.1 1.3E+09 1.8E+10 1.5E+09 56.0 142 5.1E-11 1.3E-10
0.3% 2% 1% 2% 2% 5% 3% 6%
STD156 Al-AlF3  158.1 1.1E+09 3.5E+10 4.1E+09 131.4 176 6.2E-11 8.4E-11
0.3% 2% 1% 1% 2% 6% 2% 6%
STD157 AlF 3 - Al - Ti 207.1 1.2E+09 9.7E+09 1.1E+08 7.0 1.2E-11
0.3% 3% 2% 6% 8% 8%
287
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Neutron Beam for Neutron Capture Therapy
'7 £... 1 1
6.0e-11 -
5.0e-11 -
4.0e-11 -
3.0e-11 -
2.0e-11 -
1.0e-11 -
0.0e+O -
0.Oe+O
58
1.0e+10 2.0e+10
Oepi [n/cm2s]
Figure 5.4 Fission converter beam performance with various filters using burned
MITR-II fuel with H20, D20 and air cooling and fresh MITR-II fuel with
H20 cooling.
F. C. Tank Parallelogram Single-walled (Des. 1) Reflector 5 cm Ni
Fuel MITR-II fuel Photon Shield 8 cm Bi
Coolant varying Collimator Shape Conical
Filter/Moderator varying Collimator Lining 3 cm Ni
Th. Neutron Filter 0.4 mm Cd Collimator Length 108.12 cm
In addition to the three filter designs with M1TR-II fuel described above, quite a
few other filter designs have been evaluated including some with combinations of Al,
AlF 3 , A120 3, S, A12S3, and Ti. These filter designs were evaluated in a configuration with
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fission converter design 1 using light water cooling and burned MITR-II fuel. The
calculations used an 8 cm thick bismuth photon shield with a conical collimator lined
with a 3 cm thick bismuth liner. A 5 cm thick nickel reflector surrounds the
filter/moderator in these calculations. Table 5.5 gives descriptions of the filter designs
and their in-air beam performance parameters. Figure 5.5 illustrates the performance of
these beams, plotting specific fast neutron dose versus epithermal neutron flux.
Although sulfur is used as a filter in the MIT M67 epithermal beam, its
performance here is rather poor with a specific fast neutron dose roughly two orders of
magnitude higher than the design goal of 2 x 1011 cGy cm2/n. Although it has a
microscopic total cross section similar to that of aluminum, sulfur's atomic density is
approximately two thirds that of aluminum, resulting in poorer filtration per unit length.
Similarly poor performance is observed for various thicknesses of aluminum sulfide,
whose aluminum density is about one fourth that of aluminum metal.
Performance of the designs with low fast neutron contamination (those under the
dotted line in Figure 5.5) is plotted on a smaller vertical scale in Figure 5.6. Of these
filter designs, the filter composed of 68 cm of A120 3 has the poorest performance. The
oxygen in A1203 likely does little to preferentially remove fast neutrons from the beam.
Above a relatively short resonance at around 400 keV, oxygen's total cross section begins
to drop (see Figure A.7). Compared to aluminum, oxygen is really not much of a band-
pass filter for epithermal neutrons. Thus, reducing the aluminum density very much to
add oxygen is detrimental to beam performance. However, because oxygen is lighter, it
does offer better moderation than aluminum; the average number of elastic collisions to
downscatter from 2 MeV to 10 keV is 73.3 for aluminum and 44.2 for oxygen. The
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improved performance of the filter/moderator with 48 cm Al - 24 cm A120 3 (similar to
the BNL filter design) indicates that too much oxygen is detrimental to beam
performance. On the other hand, the increased specific fast neutron dose observed with a
68 cm filter moderator of pure aluminum suggests that the moderating effect of oxygen is
in fact beneficial.
Mixtures of aluminum and aluminum fluoride have been suggested by
Auterinen,5'6 who claims to have both Finnish and international patents pending on this
moderator compound and its use in BNCT.12 Several filter/moderator designs based on
mixtures of Al/AlF3 have been evaluated. A filter composed of 68 cm of 50% AlF 3/50%
Al by volume has a specific fast neutron dose similar to that of the A1/A120 3 filter
(3.7 x 10"11 cGy cm2/n), but nearly double the epithermal flux (1.1 x 1010 as opposed to
6.4 x 109 n/cm2 s). Augmenting this filter with a 2 cm layer of titanium reduces the
specific fast neutron dose by 16% and the epithermal flux by 12% to 3.2 x 10-11 cGy
cm2/n and 9.8 x 109 n/cm2 s. Increasing the AlF 3 concentration from 50% to 70% also
improves filtration, resulting in an epithermal flux of 8.2 x 109 n/cm2s and a specific fast
neutron dose of 2.6 x 10-1' cGy cm2/n. The addition of a 2 cm layer of titanium to this
filter of 68 cm of 70% A1F3/30% Al reduces 0epi by 16% and Dfn/(?epi by 9% to 6.9 x 109
n/cm 2s and 2.4 x 10-11 cGy cm 2/n. A final filter design with 68 cm of 85% AlF 3/15% Al
and 2 cm of Ti produced an epithermal neutron flux of 5.7 x 109 n/cm 2s with a specific
fast neutron dose of 1.8 x 1011 cGy cm2/n.
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Table 5.5 In-air beam performance parameters for various filter designs.
F. C. Tank Parallelogram Single-walled (Des. 1) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant H20 Collimator Shape Conical
Filter/Moderator varying Collimator Lining 3 cm Bi
Th. Neutron Filter · 0.4 mm Cd Collimator Length varying
Run ID Filter Oth Oepi Jf Dfn Dfn/Oepi
n/cm2s n/cm2s n/cm 2s cGy/min cGy cm2/epi n
STD248 50% AIF 3 / 50% Al 6.8E+08 1.1E+10 6.5E+08 24.9 3.7E-11
68 cm 3% 2% 2% 1% 3%
STD249 70% AIF 3 / 30% Al 7.3E+08 8.2E+09 2.8E+08 12.8 2.6E-11
68 cm 4% 2% 3% 2% 3%
STD254 50% AIF 3 / 50% Al - Ti 5.0E+08 9.8E+09 2.4E+08 18.4 3.2E-11
68 cm - 2 cm 6% 3% 4% 3% 4%
STD253 70% AlF 3 / 30% Al - Ti 4.9E+08 6.9E+09 1.2E+08 9.8 2.4E-11
68 cm - 2 cm 7% 3% 6% 3% 4%
STD263 85% AlF 3 /15% Al - Ti 5.1E+08 5.7E+09 6.5E+07 6.1 1.8E-11
68 cm - 2 cm 5% 3% 3% 2% 3%
STD251 A120 3  2.3E+08 1.4E+09 5.7E+07 3.6 4.4E-11
68 cm 5% 5% 4% 2% 5%
STD348 Al - A1203t 5.1E+08 6.4E+09 3.5E+08 14.3 3.7E-11
48 cm - 24 cm 7% 2% 3% 2% 3%
STD577 Al 2.7E+09 1.3E+10 6.2E+09 185 2.3E-10
68 cm 78% 9% 7% 6% 11%
STD250 Sulfur 3.2E+08 9.0E+09 1.1E+10 820 1.5E-09
68 cm 12% 7% 3% 3% 7%
STD255 A12S3  4.6E+08 1.3E+10 1.OE+10 600 7.8E-10
68 cm 11% 13% 3% 3% 13%
STD256 A12S3  2.4E+08 8.9E+09 6.2E+09 254 4.8E-10
100 cm 10% 4% 2% 2% 4%
STD260 A12S3  1.6E+08 7.8E+09 4.1E+09 126 2.7E-10
130 cm 15% 5% 3% 2% 6%
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Figure 5.5 In-air beam performance (specific fast neutron dose versus epithermal
flux) for various filter designs listed in Table 5.5. Data points below the
dotted line are shown in Figure 5.6.
F. C. Tank Parallelogram Single-walled (Des. 1) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant H20 Collimator Shape Conical
Filter/Moderator varying Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length varying
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Figure 5.6 In-air beam performance (specific fast neutron dose versus epithermal
flux) for the better filter designs listed in Table 5.5.
F. C. Tank Parallelogram Single-walled (Des. 1) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant H20 Collimator Shape Conical
Filter/Moderator varying Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length varying
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From these designs, the filter/moderator composed of 68 cm of 70% AlF 3/30% Al
- 2 cm Ti was selected for the "final" beam design because of its low specific fast neutron
dose near the target of 2.0 x 10-11 cGy cm 2/n and its more than adequate epithermal flux.
Although their performance is not yet proven by experiment, the filter/moderator designs
based on mixtures of AlF3 and Al perform far better than any of the other materials
considered in this study. Additional calculations presented below may suggest methods
of further refining the filter/moderator design to improve beam performance.
A parametric analysis of the impact of AlF3 content on beam performance is
discussed next. This set of calculations was carried out using the same beam design as
the calculations in Table 5.5. The filter/moderator design was composed of 68 cm of an
AlF3/Al mixture + 2 cm Ti. The volume fraction of AlF 3 in the mixture was varied from
0 to 100% in 10% increments. Table 5.6 gives in-air beam performance parameters for
these calculations. Epithermal flux and specific fast neutron dose are plotted as a
function of AlF3 volume fraction in Figure 5.7. Specific fast neutron dose is shown as a
function of epithermal neutron flux for varying AlF 3 volume fraction in Figure 5.8. In
both figures, it is evident that increasing the volume fraction of AlF3 from zero up to
about 40% rapidly reduces the specific fast neutron dose with little loss of epithermal
flux. However, further reduction of fast neutron contamination is not accomplished
without significant loss of epithermal intensity. Perhaps it would be advantageous to use
a mixture of roughly 40% AlF3 (or an equivalent thickness of pure AlF 3) in conjunction
with another material whose resonances can fill in the gaps of the AlF 3 cross section.
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Table 5.6 In-air beam performance parameters as a function of AlF 3 volume fraction
in the filter/moderator, which is composed of 68 cm of Al/AlF 3 + 2 cm Ti.
F. C. Tank Parallelogram Single-walled (Des. 1) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant H20 Collimator Shape Conical
Filter/Moderator 68 cm varying AlF 3/Al - 2 cm Ti Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length 113.1 cm
Run ID % AIF 3  4th epi f Jtkth Jepi/4epi JfIf Dfn Dfn/Oepi
n/cm2s n/cm2s n/cm2s cGy/min cGy cm 2/epi n
STD533 0 5.0E+08 1.4E+10 3.1E+09 0.67 0.72 0.75 152.6 1.9E-10
7% 2% 1% 10% 2% 2% 1% 2%
STD534 10 3.9E+08 1.3E+10 1.5E+09 0.68 0.74 0.75 82.4 1.OE-10
7% 2% 1% 10% 2% 2% 1% 2%
STD535 20 5.1E+08 1.3E+10 9.OE+08 0.68 0.71 0.76 53.6 6.8E-11
7% 2% 2% 10% 2% 2% 1% 2%
STD536 30 4.6E+08 1.2E+10 5.5E+08 0.74 0.73 0.75 36 5.0E-11
6% 2% 2% 9% 2% 3% 1% 2%
STD537 40 5.2E+08 1.1E+10 3.5E+08 0.72 0.74 0.76 25 3.8E-11
7% 2% 3% 10% 3% 3% 1% 2%
STD538 50 4.9E+08 9.4E+09 2.2E+08 0.68 0.74 0.77 18 3.2E-11
8% 2% 3% 10% 3% 4% 2% 3%
STD539 60 4.7E+08 8.5E+09 1.6E+08 0.73 0.73 0.75 13 2.5E-11
6% 2% 3% 9% 3% 4% 2% 3%
STD540 70 4.7E+08 6.9E+09 1.1E+08 0.71 0.74 0.75 9 2.3E-11
7% 2% 4% 9% 3% 6% 2% 3%
STD541 80 4.6E+08 5.8E+09 8.2E+07 0.68 0.74 0.71 7 2.0E-11
7% 3% 7% 10% 4% 8% 2% 4%
STD542 90 4.2E+08 5.OE+09 5.8E+07 0.74 0.75 0.75 5 1.8E-11
7% 3% 5% 10% 4% 7% 3% 4%
STD543 100 4.1E+08 4.0E+09 4.1E+07 0.78 0.73 0.74 4 1.6E-11
7% 3% 6% 10% 4% 8% 3% 4%
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Figure 5.7 Epithermal neutron flux and specific fast neutron
A1F3 volume fraction in the filter/moderator, which
of Al/AlF 3 + 2 cm Ti.
dose as a function of
is composed of 68 cm
F. C. Tank Parallelogram Single-walled (Des. 1) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant H20 Collimator Shape Conical
Filter/Moderator 68 cm varying AIF3/Al - 2 cm Ti Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd I Collimator Length 113.1 cm
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Figure 5.8 Specific fast neutron dose versus epithermal neutron flux for varying AIF 3
volume fraction in the filter/moderator, which is composed of 68 cm of
A1/AlF 3 + 2 cm Ti.
F. C. Tank Parallelogram Single-walled (Des. 1) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant H20 Collimator Shape Conical
Filter/Moderator 68 cm varying AlF 3/Al - 2 cm Ti Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length 113.1 cm
To conclude the filter analysis, we consider a few variants of the 68 cm 70%
A1F3/30% Al - 2 cm Ti filter/moderator design using a more recent and better optimized
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beam design. These calculations used fission converter design 3 with D20 cooling and
burned fuel. A 10 cm thick lead reflector surrounds the filter moderator. The photon
shield is an 8 cm layer of bismuth and the pyramid-shaped collimator is lined with 10 cm
of lead. In-air beam performance parameters for the baseline 68 cm 70% AlF3/30% Al +
2 cm Ti filter/moderator design and designs with the titanium layer removed and varying
thicknesses of Al/AIF 3 are listed in Table 5.7. Specific fast neutron dose versus
epithermal flux is plotted for these calculations in Figure 5.9.
Removal of the 2 cm layer of titanium increases the epithermal neutron flux by
15% from 1.43 x 1010 to 1.65 x 1010 n/cm2s. However, a 16% increase in specific fast
neutron dose offsets this gain in intensity. Increasing or decreasing the length of AlF3/Al
mixture has a similar effect. Reducing the AlF 3/Al length from 68 to 65 cm (without Ti)
increases the epithermal flux by 30% and the specific fast neutron dose by 39% over the
baseline calculation. Increasing the AlF3/Al length from 68 to 70 cm (effectively
replacing the titanium layer with AlF3/Al) increases the epithermal flux by 6% and the
specific fast neutron dose by 7% over the baseline calculation. It appears that at such low
fast neutron contamination levels, it is difficult to increase the epithermal intensity
without an increase in fast neutron contamination of similar proportion, at least with the
variations which have been made in these studies.
Table 5.7 In-air beam performance parameters for variants of the 68 cm 70%
A1F3/30% Al + 2 cm Ti filter/moderator design.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 10 cm Pb
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator varying Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length varying
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Run ID Filter Oth Oepi Of Dfn Dfn/Oepi
n/cm2s n/cm2s n/cm2s cGy/min cGy cmE/n
STD445 70% AlF3/30% Al + Ti 1.02E+09 1.43E+10 1.24E+08 11.1 1.29E-11
68 cm - 2 cm 2% 1.4% 3% 1.6% 2%
STD446 70% AlF3/30% Al 1.67E+09 1.65E+10 3.06E+08 14.9 1.50E-11
68 cm 1.8% 1.3% 3% 1.4% 2%
STD447 70% AIF3/30% Al 1.68E+09 1.86E+10 4.58E+08 20.0 1.79E-11
65 cm 2% 1.8% 4% 2% 3%
STD450 70% A1F3/30% Al 1.56E+09 1.51E+10 2.64E+08 12.5 1.38E-11
70 cm 2% 1.6% 4% 1.9% 3%
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Figure 5.9 Specific fast neutron dose versus epithermal neutron flux for variants of
the 68 cm 70% AIF3/30% Al + 2 cm Ti filter/moderator design.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 10 cm Pb
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator varying Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length varying
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5.2 Thermal Neutron Filter Optimization
After examining the filter/moderator performance, we move on to analyze the
next component of the epithermal beam design, the thermal neutron filter. The thermal
neutron filter is used to reduce the thermal flux incident on the target so that the resulting
shallow-depth (i.e., skin) boron dose is reduced. Filtering thermal neutrons out of the
beam hardens the spectrum and increases the effective beam penetration in phantom. In
addition, reducing the thermal flux that reaches the collimator will reduce activation and
the associated photon dose.
Several thermal neutron absorbers were considered for use as the thermal neutron
filter. Cadmium has a stepped absorption cross section that drops abruptly around 0.4 eV
from 2457 b at 0.025 eV to 7.1 b at epithermal energies (see Figure A.19), but it emits a
number of high energy gamma's upon neutron capture. The fractional transmission of
0.025 eV and 1.0 keV neutrons through cadmium is listed in Table 5.8 for cadmium
thicknesses of 0.4 and 0.8 mm. At a thickness of 0.4 mm, only 1.1% of normally incident
0.025 eV thermal neutrons are transmitted while nearly all (99.1%) 1 keV epithermal
neutrons are transmitted. Similar behavior is observed at 0.8 mm thickness. 6Li and '0B
also have high thermal absorption cross sections of 940 b and 3830 b, respectively.
However, although these isotopes do not create the high photon contamination associated
with cadmium, their 1/v absorption cross sections are not insignificant at epithermal
energies, resulting in a small loss of useful epithermal flux.
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Table 5.8 Neutron transmission through cadmium at 0.025 eV and 1.0 keV
Cd Thickness Transmission
Energy
mm 0.025 eV 1.0 keV
0.4 1.1% 99.1%
0.5 0.34% 98.8%
0.8 0.011% 98.2%
Most of the simulations in this work have used a 0.4 mm thick cadmium sheet as
the thermal neutron filter. A few early analyses (which are not reported here) examined
the use of 6 Li as a thermal neutron filter to reduce photon contamination in the beam.
However, these studies unfortunately employed a nickel lined collimator so that any
changes in the photon dose rate due to the thermal neutron filter could not be resolved
over the high photon background from the nickel collimator. With the current beam
design, removal of the titanium and cadmium and replacement with a neutron absorber
such as 6Li, might allow reduction of the bismuth photon shield and increases in
epithermal intensity.
Analysis of the impact of the cadmium thermal neutron filter on beam
performance is presented. The thickness of the cadmium thermal neutron filter in the
fission converter beam was varied from 0 to 0.8 mm in steps of 0.4 mm. All calculations
were made with a D20 cooled fission converter using spent fuel and the rectangular
double-walled fission converter tank (design 3-see Figure 4.8). The filter is the
"standard" 68 cm 70% AlF3/30% Al - 2 cm Ti with an 8 cm thick bismuth photon shield.
The collimator is rectangular (i.e., a truncated pyramid) and lined with 15 cm of lead.
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In-air beam performance parameters at the target or patient position including, the photon
dose arising from the cadmium alone, are listed in Table 5.9 and Table 5.10. Thermal
and epithermal flux are plotted as a function of cadmium thickness in Figure 5.10.
Increasing the cadmium thickness from 0 to 0.4 mm reduces the thermal flux by
approximately 60% from 1.9 x 109 to 7.8 x 108 n/cm 2s while the epithermal flux is
reduced by only 1%. Adding an additional 0.4 mm of cadmium further reduces the
thermal flux by 25%. The discrepancy between these reductions in thermal flux and the
thermal transmission rates listed in Table 5.8 is easily explained by noting that the most
of the thermal flux (defined to be below 1.0 eV) which penetrates the filter is above the
cadmium cutoff.
Table 5.9 Neutron flux and neutron current to flux ratios as a function of cadmium
absorber thickness.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF3/30% Al - 2 cm Ti Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
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Run ID Cadmium Oth epi f
Thickness
mm n/cm 2s n/cm2 s n/cm2s
STD420 0 1.9E+09 9.9E+09 6.6E+07
2% 1% 3%
STD421 0.4 7.8E+08 9.8E+09 6.6E+07
2% 1% 3%
STD422 0.8 6.2E+08 9.6E+09 6.6E+07
2% 1% 4%
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Table 5.10 Total and specific neutron and photon doses as a function of cadmium
absorber thickness.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AlF 3/30% Al - 2 cm Ti Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
Run ID Cadmium Dthn Df Dr  DyCd Dthir/epi DfnI/epi Dy/Aepi DyCd/•epi
mm cGy/min cGy/min min / min cGy cm2/n cGy cm2/n cGy cm2/n cGycm2/n
STD420 0 0.62 6.8 6.2 0.0 1.0E-12 1.1E-11 1.OE-11 0.0
2% 2% 2% 0% 2% 2% 2% 1%
STD421 0.4 0.15 6.6 6.8 1.9 2.6E-13 1.1E-11 1.2E-11 3.2E-12
2% 2% 2% 4% 3% 2% 2% 4%
STD422 0.8 0.12 6.6 7.4 2.4 2.0E-13 1.1E-11 1.3E-11 4.2E-12
2% 2% 2% 3% 3% 2% 2% 4%
Figure 5.11 shows the total and cadmium specific photon doses versus cadmium
thickness. Interestingly, the cadmium specific photon dose increases faster than the total
specific photon dose rate. That is, the cadmium specific photon dose at 0.4 mm cadmium
thickness (3.2 x 10-12 cGy cm2/n) is larger than the difference between the total specific
photon doses at 0.4 and 0 mm (2 x 10-12 cGy cm2/n). Similar behavior is observed for the
data points at 0.8 mm cadmium thickness. This behavior suggests that, through the
associated reduction in thermal flux, the presence of the cadmium reduces other
components of the photon dose.
The reduction in the thermal flux at the patient position by a factor of 4 due to a
0.4 mm thick layer of cadmium represents a substantial reduction in the shallow depth
dose due to boron in normal tissue. The reduction of the thermal flux in the beam also
decreases activation gamma's. However, because of the substantial prompt photon dose
due to cadmium, methods of reducing this photon dose such as moving the cadmium
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thermal neutron filter back into the filter/moderator or using other thermal neutron
absorbers with low photon production should be investigated.
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Figure 5.10 Thermal and epithermal neutron flux versus cadmium absorber thickness.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF3/30% Al - 2 cm Ti Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
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Figure 5.11 Total and cadmium photon dose as a function of cadmium absorber
thickness.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF3/30% Al - 2 cm Ti Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
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5.3 Photon Shield Optimization
Optimization of the photon shield following the filter/moderator and thermal
neutron filter depends on selection of a photon absorber that significantly attenuates
photons without a large reduction in epithermal neutron flux. Lead and bismuth are high
Z materials with well-known engineering properties often used for photon attenuation.
The less familiar compound lead fluoride, which combines the photon attenuation
properties of lead with the inelastic/resonance scattering properties of fluorine, has
recently been suggested but was not considered in this study.20
To evaluate the impact of the photon shield, the radiation transport through the
fission converter beam was simulated with bismuth thicknesses ranging from 0 to 16 cm
in 2 cm increments. All other design parameters were held constant. The calculations
were performed using fission converter design 3 (rectangular double-walled tank) with
D20 cooling and burned fuel. The "standard" 68 cm 70% AlF3/30% Al - 2 cm Ti
filter/moderator was surrounded by a 5 cm thick nickel reflector. A 3 cm thick conical
bismuth collimator was matched to the end of the bismuth photon shield in each
calculation to prevent streaming through the gap that would otherwise exist with varying
shield thickness.
The results of these calculations are listed in Table 5.11. Figure 5.12, which plots
specific photon dose and epithermal neutron flux versus bismuth thickness, shows that
the in-air specific photon dose drops very rapidly from its maximum at 2.1 x 10-1o
cGy cm2/n with the addition of the first few centimeters of bismuth; at 8 cm of bismuth,
DVoepi is reduced by about 1 order of magnitude to 1.9 x 10"11 cGy cm 2/n. After -8 cm of
bismuth, the decline of specific photon dose is much more gradual to its minimum of
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5.6 x 10-12 cGy cm2 /n at 16 cm. The decline of the epithermal flux is linear with bismuth
thickness, with reduction by nearly a factor of 2 over the entire range. Figure 5.13 plots
specific fast neutron dose and epithermal flux as a function of bismuth thickness.
Although the specific fast neutron dose data are somewhat noisy, a roughly linear decline
of Dfnl/epi with bismuth thickness is observed. Over the range of bismuth thickness,
Dfn/4epi decreases by about 20%.
The optimum bismuth photon shield thickness was judged to be 8 cm because it is
the minimum bismuth thickness that provides a specific photon dose less than the target
of -2 x 10"11 cGy cm2/n. Although increasing the bismuth thickness further does reduce
the photon contamination, the accompanying loss of epithermal intensity outweighs this
small benefit. Because the incident specific photon dose (-2 x 10-" cGy cm 2/n) is
insignificant compared to the specific photon dose induced by neutron capture in tissue
(-2 x 10-1 cGy cm2/n), it has little effect on dose profiles. Unless photon components
that have not been accounted for (i.e., photons due to unmodeled impurities and delayed
capture gamma'st ) are quite large, increasing the bismuth thickness to further reduce the
photon dose is not useful. This uncertainty in the photon dose is addressed in section 5.4,
which includes estimates of the effects of delayed capture gamma's in the fission
converter beam materials.
t MCNP does not model delayed activation photons. Only prompt photons are modeled in MCNP.
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Table 5.11 In-air beam performance parameters as a function of bismuth photon
shield thickness.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield varying Bi
Coolant D20 Collimator Shape Conical
Filter/Moderator 68 cm 70% AlF 3/30% Al - 2 cm Ti Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length varying
Bismuth
Run ID Thickness 1th epi [ f Jepi /epi Dfn Dy Dfn/oepi D epi
cm n/cm2 s n/cm2s n/cm2s cGy/min cGy/min cGy cm2/n cGy cm2/n
STD365 0 6.2E+08 8.4E+09 8.1E+07 0.63 8.3 106 1.6E-11 2.1E-10
11% 3% 10% 4% 6% 5% 7% 6%
STD366 2 5.7E+08 7.6E+09 6.3E+07 0.59 6.6 52 1.4E-11 1.1E-10
6% 4% 8% 5% 4% 4% 6% 6%
STD367 4 5.1E+08 7.1E+09 6.6E+07 0.62 5.9 27 1.4E-11 6.4E-11
5% 3% 9% 4% 4% 4% 5% 5%
STD368 6 4.9E+08 6.4E+09 6.1E+07 0.62 5.4 14.2 1.4E-11 3.7E-11
5% 3% 11% 4% 4% 4% 5% 5%
STD369 8 4.4E+08 5.9E+09 4.6E+07 0.60 4.6 6.9 1.3E-11 1.9E-11
(Optimum) 5% 3% 9% 4% 4% 3% 5% 5%
STD370 10 4.1E+08 5.8E+09 4.4E+07 0.58 4.4 4.2 1.3E-11 1.2E-11
4% 3% 7% 4% 4% 3% 5% 4%
STD371 12 4.2E+08 5.1E+09 4.2E+07 0.62 4.0 2.8 1.3E-11 9.0E-12
4% 3% 6% 4% 4% 3% 5% 4%
STD372 14 3.9E+08 4.9E+09 4.3E+07 0.62 3.8 1.88 1.3E-11 6.4E-12
4% 3% 7% 4% 4% 3% 5% 4%
STD373 16 3.8E+08 4.4E+09 3.8E+07 0.59 3.6 1.48 1.4E-11 5.6E-12
4% 3% 6% 4% 5% 3% 6% 4%
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Figure 5.12 Specific photon dose and epithermal neutron
shield thickness.
flux versus bismuth photon
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-HI fuel Photon Shield varying Bi
Coolant D20 Collimator Shape Conical
Filter/Moderator 68 cm 70% AIF3/30% Al - 2 cm Ti Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length varying
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Figure 5.13 Epithermal neutron flux and specific fast
bismuth thickness.
neutron dose as a function of
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield varying Bi
Coolant D20 Collimator Shape Conical
Filter/Moderator 68 cm 70% AF1/30% Al -2 cm Ti Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length varying
Next, the performance of bismuth and lead as photon shields are compared at a
single thickness of 8 cm, the optimum thickness for bismuth. The simulations were
performed with a D20 cooled fission converter using spent fuel and the rectangular
double-walled fission converter tank design (design number 3). The filter was the
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standard 68 cm 70% AlF3/30% Al - 2 cm Ti design with an 8 cm thick photon shield.
The collimator was rectangular (i.e., a truncated pyramid) and lined with 15 cm of lead.
Beam performance parameters calculated for the fission converter beam with bismuth and
lead photon shields are given in
Table 5.12. Compared to the design with the bismuth photon shield, the lead
photon shield has a slightly depressed epithermal flux (8% lower) and a diminished
specific photon dose (23% lower). Specific fast neutron dose is unchanged. The lower
specific photon dose of the lead photon shield is likely due to lead's higher density
relative to bismuth (11.35 g/cm3 as opposed to 9.85 g/cm3), since both materials have
similar atomic number.
The lower specific photon dose associated with the lead photon shield was
unexpected because lead's thermal neutron absorption cross section (ca=0.170 b) is about
5 times larger than that of bismuth (ca=0.034 b). Further investigation revealed that
activation of lead produces no gammas and that activation of bismuth produces only
negligible amounts of activation gammas. An optimized lead photon shield might
provide better performance than a bismuth photon shield. However, the impurities
associated with lead tend to cause more photon dose than those associated with bismuth.
The experience gained in the experimental design of the MIT M67 beam should be
considered when judging between lead and bismuth. 21,22
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Table 5.12 Comparison of beam performance with bismuth and lead photon shields,
each 8 cm thick
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield varying Bi
Coolant D20 Collimator Shape Conical
Filter/Moderator 68 cm 70% AIF3/30% Al - 2 cm Ti Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
Run ID Photon Photon Ch epi Dfn D Dn/jepj D/pi
Shield Source h pi D D Dflepi Depi
n/cm2s n/cm 2s n/cm2s cGy/min cGy/min cGy cm 2/n cGy cm2/n
STD573 Bi Total 7.7E+08 9.90E+09 6.5E+07 6.5 6.8 1.09E-11 1.15E-11
2% 1.4% 3% 1.7% 1.8% 2% 2%
STD428 Pb Total 7.2E+08 9.14E+09 6.5E+07 6.3 4.9 1.14E-11 8.9E-12
2% 1.5% 4% 2% 2% 2% 2%
STD426 Pb Pb 7.4E+08 9.18E+09 6.3E+07 6.1 0.94 1.11E-11 1.70E-12
3% 2% 5% 3% 2% 3% 3%
5.4 Photon Dose Analysis
The PIKMT (photon-production bias) and PWT (photon weight) cards of MCNP
can be used to selectively turn neutron-induced photon production on or off in particular
isotopes or cells of a model. These features have allowed easy determination of the
photon dose that arises from different components of the fission converter beam.
Determination of the contribution to photon dose at the patient position from different
elements of the design could provide insight into ways of reducing the photon dose,
which could allow relaxation of shielding requirements, resulting in increased epithermal
neutron intensity.
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To evaluate the contribution to the photon dose at the patient position from each
component of the fission converter beam design, a single configuration was run multiple
times with photon production allowed for a different component in each calculation. All
calculations were made with a D20 cooled fission converter using spent fuel and the
double-walled fission converter tank (design 3). The filter is the standard 68 cm 70%
A1F3/30% Al - 2 cm Ti with an 8 cm thick bismuth photon shield. The collimator is
rectangular (i.e., a truncated pyramid) and lined with 15 cm of lead. The method of
calculating the dose due to delayed fission gamma's will be explained in section 5.4.1.
The results of these calculations are listed in Table 5.13. Figure 5.14 graphically depicts
the contribution from different elements of the beam design to the photon dose at the
patient position. Figure 5.15 illustrates the relative contribution of each component of the
design.
The total specific photon dose obtained by summing the different components is
1.13 x 101" (±2%) cGy cm2/n. The difference of only 2.4% from the result obtained by
direct simulation of this quantity indicates that no significant contributions from
structural components were omitted from this analysis. Structures whose contribution to
the photon dose was not evaluated include the fission converter tank and the MITR-II
graphite reflector. However, the contribution to the photon dose from these structures is
expected to be negligible because of their distance from the patient position and the
intervening shielding by the filter.
The contribution from prompt fission gamma's, calculated by allowing photon
production only in 253U and 238U, is very small at 0.8% of the total. The contribution of
delayed fission gamma's, at 0.5%, is even smaller. The largest contributions to the
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photon dose come from the relatively thin titanium and cadmium layers, (26% and 29%
of the total, respectively) which are located just upstream of the bismuth photon shield. If
these layers of titanium and cadmium (or some portion thereof) were moved further
upstream in the filter/moderator, the photon dose could be reduced due to the increased
distance to the patient position and increased attenuation provided by the AlF3/Al
mixture. The AlF3/Al mixture in the filter moderator adds a sizable contribution to the
prompt photon dose (21% of the total). The photon dose from aluminum activation,
whose calculation is described in section 5.4.2, was found to be negligibly small
compared to other photon dose components. Even though it is behind the bismuth photon
shield, the nickel reflector surrounding the filter moderator contributes nearly as much as
the lead collimator, which is in the direct line of sight of the patient position. Changing
the nickel reflector to lead, as is done in section 5.6, would likely reduce the photon dose
from the reflector a great deal. However, the dose from nickel is presently only 8.2% of
the total. Using lead would provide the additional benefit of reduced cost.
One should note that the photon dose from concrete presented in Table 5.13 is
deceptively low. Due to the intervening 15 cm layer of lead in the collimator, the
concrete photon dose inside the delimited beam at the patient position is extremely low.
However, calculation of the photon dose profile at the patient position in section 5.7
shows that beyond the collimator lining, the photon dose rises to a value approximately as
strong as the photon dose in the direct beam. This deficiency can be easily corrected by
replacing the last few cm of high density concrete with a high Z material such as lead.
This result also indicates that the effect of doping the concrete with boron should be
examined more closely.
315
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Neutron Beam for Neutron Capture Therapy
Table 5.13 Analysis of the photon dose arising from the different components of the
fission converter beam
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF 3/30% Al - 2 cm Ti Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
Run ID Photon *t , epi f Dfn D Dfn/epi D epi Fraction of
Source Total
n/cm2s n/cm2s n/cm2s cGy/min cGy/min cGy cm2/n cGy cm2/n
STD483 Prompt 7.5E+08 9.64E+09 6.3E+07 6.5 0.053 1.13E-11 9.2E-14 0.8%
Fission 2% 1.4% 3% 2% 14% 2% 14%
STD484 Delayed 0.035 6.0E-14 0.5%
Fission 7% 7%
STD437 Al/AlF3 7.8E+08 1.00E+10 6.9E+07 6.6 1.4 1.09E-11 2.4E-12 21%
2% 1.4% 4% 2% 4% 3% 4%
STD424 Ni 7.7E+08 1.00E+10 7.OE+07 6.8 0.6 1.13E-11 9.5E-13 8.2%
2% 1.4% 4% 2% 7% 2% 7%
STD438 Ti 7.8E+08 9.99E+09 6.6E+07 6.6 1.8 1.10E-11 3.0E-12 26%
3% 1.6% 4% 2% 3% 2% 3%
STD421 Cd 7.8E+08 9.82E+09 6.6E+07 6.6 1.9 1.12E-11 3.2E-12 28%
2% 1.4% 3% 2% 4% 2% 4%
STD572 Bi 7.9E+08 9.70E+09 7.1E+07 6.6 0.28 1.13E-11 4.7E-13 4.1%
2% 1.4% 6% 2% 3% 2% 3%
STD429 Pb 8.2E+08 1.OE+10 6.4E+07 6.7 0.7 1.09E-11 1.16E-12 10.1%
(coll.) 4% 2% 5% 3% 4% 4% 4%
STD440 Concrete 7.7E+08 9.95E+09 6.2E+07 6.4 0.0012 1.08E-11 2.0E-15 0.02%
2% 1.4% 3% 2% 93% 2% 93%
STD573 Total 7.7E+08 9.90E+09 6.5E+07 6.5 6.8 1.09E-11 1.15E-11 100%
2% 1.4% 3% 1.7% 1.8% 2% 2%
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Figure 5.14 Contribution of different components of the fission converter beam to the
specific photon dose at the patient position
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF 3/30% Al - 2 cm Ti Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
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Figure 5.15 Relative contribution of different components of the fission converter
beam to the specific photon dose at the patient position.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF 3/30% Al - 2 cm Ti Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
5.4.1 Delayed Fission y Calculation
The delayed fission gamma source strength and spectrum of the fission converter
was estimated using the EPRI computer code DKPOWR,
23 which employs analytic
impulse source functions24 to calculate fission decay heat, etc., for an arbitrary power
history. The input deck for the DKPOWR calculation is listed below in Figure 5.16. The
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DKPOWR calculation assumed 1000 hours of continuous operation of the fission
converter at 69.6 kW (2.171 x 1015 235U fissions/sec) at zero cooling time. This power
history, although unrealistic, provides a very conservative upper bound on the delayed
fission gamma source strength.
Table 5.14 lists the 19 group photon energy emission rates calculated by
DKPOWR and the photon emission rates derived from them. Although in retrospect it is
more conservative to use the maximum energy, the photon emission rate was calculated
by dividing the gamma energy emission rate of each energy group by the midpoint energy
of the group. This photon emission rate energy distribution provided the photon energy
distribution used in Monte Carlo simulation of the delayed y source. Dividing the photon
emission rate by energy group width gives the delayed fission gamma spectrum which is
shown in Figure 5.17.
This photon source was mapped onto the fuel in the fission converter using the
power distribution calculated in an earlier run. Weight windows optimized specifically
for this calculation enhanced transport of photons to the patient position. One million
particles were run to obtain a photon dose rate of 0.035 cGy/min with a relative error of
7%. The total photon emission rate derived from the DKPOWR data was used to
normalize the photon dose to the correct fission converter power.
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Figure 5.16 DKPOWR Input deck (phist4)
Table 5.14 Delayed fission gamma spectrum calculated with DKPOWR immediately
following (i.e., zero cooling time) 1000 hr. operation at 69.6 kW
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decay properties of 235u following 2.171e15 f/s (69.6 kW) for 1000 hours
1 -1 13 1 1 3
0. 0. 0. 0.
1.00000e+03
0.00000e+00 1.00000e-15 1.00000e-10 1.00000e-06 1.00000e-03 1.00000e+00
2.00000e+00 5.00000e+00 1.00000e+01 2.00000e+01 6.00000e+01 1.20000e+02
1.50000e+02
1
922350 2.17100e+15
Energy Photon
Energy Emin Emax Emid Emission Emission O(E)
Rate Rate
MeV MeV MeV MeV/s y/s y/s MeV
1 0 0.1 0.05 6.33E+13 1.27E+15 1.27E+16
2 0.1 0.2 0.15 2.16E+14 1.44E+15 1.44E+16
3 0.2 0.4 0.3 6.39E+14 2.13E+15 1.06E+16
4 0.4 0.6 0.5 1.11E+15 2.23E+15 1.11E+16
5 0.6 0.8 0.7 1.36E+15 1.94E+15 9.69E+15
6 0.8 1.0 0.9 1.58E+15 1.75E+15 8.75E+15
7 1.0 1.2 1.1 1.01E+15 9.22E+14 4.61E+15
8 1.2 1.4 1.3 1.12E+15 8.64E+14 4.32E+15
9 1.4 1.6 1.5 1.07E+15 7.16E+14 3.58E+15
10 1.6 1.8 1.7 6.68E+14 3.93E+14 1.96E+15
11 1.8 2.0 1.9 6.51E+14 3.43E+14 1.71E+15
12 2.0 2.2 2.1 5.57E+14 2.65E+14 1.33E+15
13 2.2 2.4 2.3 5.30E+14 2.31E+14 1.15E+15
14 2.4 2.6 2.5 4.68E+14 1.87E+14 9.35E+14
15 2.6 3.0 2.8 6.65E+14 2.38E+14 5.94E+14
16 3.0 4.0 3.5 9.96E+14 2.85E+14 2.85E+14
17 4.0 5.0 4.5 4.37E+14 9.71E+13 9.71E+13
18 5.0 6.0 5.5 1.30E+14 2.36E+13 2.36E+13
19 6.0 7.5 6.75 6.85E+12 1.01E+12 6.76E+11
Total 0 7.5 1.33E+16 1.53E+16
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Figure 5.17 Delayed fission gamma spectrum calculated with DKPOWR immediately
following (i.e., zero cooling time) 1000 hr. operation at 69.6 kW
5.4.2 28Al Decay y Calculation
The photon dose from 28A1 decay (Ti = 2.3 min, Ey =1.78 MeV) was estimated by
calculating the 28A1 production rate in the filter/moderator via Monte Carlo and using
hand calculations to estimate the dose rate at the patient position. The volume-averaged
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28A1 production rate in each cell of the filter/moderator containing aluminum was
calculated by folding the neutron flux with the 27A1 neutron absorption cross section in an
f4 tally. Photon transport was calculated by conservatively assuming that all of the 28A1
in each cell was lumped together in a single point source in the center of the cell and then
using simple exponential attenuation without buildup to calculate the photon flux at the
patient position. Buildup was not included because it is very difficult to calculate by
hand for inhomogeneous systems. Using this procedure, the photon flux and dose rate at
the patient position due to 28A1 decay after several half-lives of steady-state operation
(-10 min) were estimated at 2.1 x 108 y/cm2s and 2.9 x 10-3 cGy/min. ANSI photon
kermas were used to estimate the photon dose rate. 25 Note that because irradiations will
only require -2 minutes, the dose rate is significantly overestimated by assuming
saturation of 28A1.
The calculation of the 28Al production rate, done in run STD222, was made using
the single-walled parallelogram fission converter (design 1) with light water cooling and
spent fuel. A 63 cm AlF 3 - 3 x 2 cm Al - 2 x 2 cm Ti filter/moderator was surrounded by
a 5 cm thick nickel reflector. Although a 15 cm thick bismuth photon shield was used in
the Monte Carlo simulation of neutron transport, an 8 cm thick bismuth photon shield
was used in the hand calculation of photon transport. A 3 cm thick layer of nickel lines
the conical collimator in this model. Although this calculation was done with a
somewhat different design than that used in the analysis of the photon dose above, the
differences in the models are very unlikely to change the result that the photon dose from
28Al is negligibly small. Accuracy of photon transport could be improved by calculating
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photon transport via Monte Carlo rather than by using simple exponential attenuation
without buildup.
The effects of delayed gammas from other activation products were evaluated and
were also found to be negligible compared to the prompt photon dose. Activation of
fluorine in the filter/moderator, titanium in the filter/moderator, nickel in the reflector
surrounding the filter/moderator, bismuth in the photon shield, and lead in the collimator
was considered. Lead was found to have no delayed gammas. Neutron absorption in 19F
produces 20F which decays via beta emission with Ty~=11.0 s. Although the 1.63 MeV
photon that accompanies 20 F beta decay is nearly as energetic as that of 28A1, because the
20F production rate is -2 times lower than that of 27A, the photon dose due to 20F is even
smaller. The photon dose rate from decay of 5lTi, which decays via beta emission and
produces photons at 320 keV (92.9%), 609 keV (1.18%), and 928 keV (6.9%), was
estimated at 3.7 x 10-5 cGy/min at saturation, using the same method as for the 28A1
photon dose. 51Ti is the only titanium activation product that produces delayed gammas.
The photon dose rate due to activation of nickel was evaluated as well. Due to the lower
production rate of 65Ni (the only nickel activation product with delayed gammas), lower
photon energies, and increased shielding compared to 28 A1, the dose rate from 65Ni is also
negligible compared to the prompt photon dose. Neutron capture by the only natural
bismuth isotope, 209Bi, produces 210Bi and 210Bi? with nearly equal probability (at =
0.019 b for 209Bi(n,y) 21oBi and ac = 0.014 b for 209Bi(n,y)2 loBim). Radiations from 210Bim
are not a concern because of its long half life of 3.04 x 106 years. Beta decay of 210Bi to
210Po, which occurs in 99+% of 210Bi decays, does not result in significant photon
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production. The infrequent (1.3 x 10-4%) alpha decay of 21°Bi to 206T1 produces no
photons. References 26, 27 and 28 provided the nuclear data for this analysis.
5.5 Collimator Optimization
Optimization of the collimator entails selection of an appropriate thickness of
material to line the collimator and determination of the optimal collimator shape. The
simpler task of optimizing the collimator liner will be considered first.
5.5.1 Collimator Liner
The material lining the collimator should have a high scattering cross section with
an isotropic angular distribution in the laboratory frame of reference so that neutrons
impinging on the collimator lining are returned to the collimator cavity. For this reason
and to ensure little energy loss for epithermal neutrons, materials with high atomic mass
are desirable. The liner material should also have a low photon production cross section.
Four materials were investigated for use as the collimator liner: nickel, bismuth,
lead, and graphite. Nickel was selected because of its high scattering cross section. Lead
and bismuth were selected for their high atomic mass. Graphite was chosen for its low
absorption properties and because it is often used as a neutron scatterer and is already
available at the MIT Nuclear Reactor Laboratory in high purity. To evaluate these lining
materials, beam performance parameters were calculated with the thickness of the
collimator lining varying from 0.1 to 20 cm for each of the four materials discussed
above. Calculations of neutron reflectivity by Yanch et al. indicate that further increases
in thickness could provide only a small improvement in intensity.2 9
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In this set of calculations, the aperture of the collimator was, as always, fixed at
20 cm by 20 cm. All of the calculations were made with a D20 cooled fission converter
using spent fuel and the rectangular double-walled fission converter tank design (design
3). The collimator is rectangular (i.e., a truncated pyramid) and the filter is the "standard"
68 cm 70% AlF3/30% Al - 2 cm Ti filter which is followed by an 8 cm thick bismuth
photon shield and a cadmium thermal neutron absorber is placed directly before the
bismuth. A 5 cm thick nickel reflector surrounds the filter/moderator.
The results of these calculations to determine the impact of the collimator lining
are shown in Table 5.15 and Table 5.16. The first calculation listed in the tables
(STD410) is a calculation where neutrons impinging on the collimator liner are
terminated. Hence in this calculation, there is no contribution from neutrons scattered in
the collimator lining; all neutrons reaching the patient position travel directly from the
bismuth photon shield. Comparison of the results of this simulation with others in the
same data set illustrates the importance of neutron scattering by the collimator lining and
the high density concrete behind it in maintaining a high epithermal intensity.
Figure 5.18 shows the epithermal neutron flux at the patient position as a function
of collimator thickness for the four materials. Epithermal flux increases slowly with
bismuth thickness from its minimum of 4.9 x 109 n/cm 2s at 0.1 cm to a maximum of 9.4
x 109 n/cm2s at 20 cm thickness, an increase of 90%. The shape of the curve of
epithermal flux versus bismuth thickness suggests that the increase in flux due to the 0.1
cm of bismuth is negligible so that the configuration with 0.1 cm bismuth is nearly
equivalent to having an unlined concrete collimator. Hence, scattering by the high
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density concrete provides a 96% increase over the situation in which neutrons impinging
on the collimator lining are terminated.
The variation of epithermal flux with lead thickness shows similar behavior, but
higher intensity, increasing from a minimum of 5.8 x 109 n/cm2s at 1 cm to 1.1 x 1010
n/cm 2s at 20 cm thickness. Although the average microscopic scattering cross sections
for lead and bismuth at epithermal energies are nearly the same (11.3 b and 11.8 b,
respectively), the atomic density of lead is 17% higher than that of bismuth. This
difference accounts for the increased epithermal flux associated with a lead collimator.
In contrast, with a graphite collimator epithermal flux reaches a lower maximum
of about 7.2 x 109 n/cm2s after only 5 cm of graphite. The macroscopic scattering cross
section of graphite at epithermal energies is about the same as that of lead and bismuth.
However, because of its low mass of 12 amu, carbon moderates neutrons well. Thus,
much of the epithermal flux impinging on a graphite collimator lining is lost to
thermalization. In addition, the low mass of carbon results in forward-peaked angular
scattering distribution (in the laboratory frame of reference), which tends to reduce the
neutron current returning to the collimator cavity. A 27-fold increase in thermal flux is
realized with a 20 cm graphite collimator relative to the simulation in which neutrons
impinging on the collimator lining are killed, but the thermal fluxes associated with 20
cm thick bismuth, lead, and nickel collimators are only 4.9, 6.0, and 4.7 times larger,
respectively, because of their higher atomic masses.
At low thickness, the first three materials provide only small increases in
epithermal neutron flux, but nickel affords substantial benefit (in terms of increased
epithermal neutron flux) at a thickness of only 1 cm. Nickel provides the highest neutron
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reflectivity, with epithermal flux rapidly rising to a high plateau of 1.1 x 1010 n/cm2s after
approximately 7 cm of nickel thickness. Nickel's superior reflectivity is due to its high
epithermal scattering cross section (16.3 b at epithermal energies) and high atomic
density. The high atomic mass of nickel results in a nearly isotropic scattering angular
distribution (in the laboratory frame of reference) which increases the neutron reflection
toward the target position.
Specific photon dose versus collimator thickness is shown for the four liner
materials in Figure 5.19. The specific photon dose for lead and bismuth collimators
declines with lining thickness to a plateau below 2 x 1011 cGy cm2/n after 5 cm
thickness. Later calculations will show that this reduction of the specific photon dose is
due to both the increase in neutron flux at the patient position and shielding of photons
produced in the high density concrete around the collimator. Minima of 1.2 and 1.3 x 10-
" cGy cm2/n were achieved for lead and bismuth beyond 15 cm thickness. The curve for
a graphite liner shows a similar decline of DV/4epi to a minimum of 2.4 x 10"11 cGy cm2/n
at 20 cm thickness. Nickel, however, produces abundant photons so that the specific
photon dose increases with nickel thickness, saturating after -5 cm thickness at an
unacceptably large value of 1.3 x 10-10 cGy cm2/n. Nickel's high photon production in
this unshielded location near the patient position eliminates it from consideration as a
collimator liner.
Specific fast neutron dose is plotted as a function of collimator thickness for the
four liner materials in Figure 5.20. Note the suppressed zero of the ordinate. The curves
for all four materials decrease slightly with the first 5 - 10 cm of thickness and then
remain relatively constant out to 20 cm. At any given thickness, nickel has the lowest
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specific fast neutron dose of the four materials due to its high neutron reflectivity (i.e.,
large macroscopic scattering cross section). Its minimum, at 7 cm, is 9.6 x 10-12 cGy
cm2/n. Interestingly, nickel's average total cross section for fast neutron (3.54 b) is about
4.6 times lower than its average at epithermal energies (16.3 b). A cross section of this
shape effects a high pass filter, allowing fast neutrons to penetrate deeper into the
collimator liner before collision than epithermal neutrons, preferentially reducing the fast
neutron current returning to the collimator cavity to reach the patient position.
With a minimum of 1.0 x 10-11 cGy cm2/n, the graphite liners have the next lowest
specific fast neutron dose, most likely due to slowing down of some fast neutrons in the
collimator lining. Lead-lined collimators have higher specific fast neutron doses; the
minimum for lead is 1.1 x 10-"11 cGy cm2/n. At 1.2 x 1011 cGy cm2/n, bismuth has the
highest specific fast neutron dose of the four materials.
The epithermal current to flux ratio, which measures beam directionality, is
shown as a function of collimator thickness for the four materials in Figure 5.21. Note
the suppressed zero of the ordinate. Although the data are somewhat noisy, a few
important trends are apparent. First, for all four materials, the current to flux ratio
decreases with liner thickness. At least at low thickness, increasing the liner thickness
augments the beam intensity by increasing the fraction of those neutrons impinging on the
collimator liner that do not penetrate the liner to reach the hydrogenous concrete where
they are downscattered and absorbed. Compared to those neutrons traveling from the
bismuth photon shield directly to the beam aperture, neutrons scattered in the collimator
liner must travel at large angles relative to the beam axis in order to reach the aperture at
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the patient position. Hence, the component of the flux scattered back into the beam by
the collimator liner has poor directionality, reducing Jepi/epi.
This trend of reduced directionality with increased liner thickness underlines a
more general observation that an inverse relationship exists between epithermal intensity
and beam directionality. In fact, the plots of Jepi /epi in Figure 5.21 interestingly appear
like an inverted rendition of the plots of epi in Figure 5.18. Increasing the epithermal
flux at the patient position via increased reflection in the collimator degrades beam
directionality through increases in large angle components of the flux.
The large impact of the collimator liner on beam directionality may be somewhat
surprising. However, its effect is much more plausible after one realizes that, for
instance, with the 20 cm thick lead collimator, -77% of the flux at the patient position is
due to neutrons interacting in the collimator (from STD410, it is evident that 2.5 x 109
n/cm2s, or -23%, of the 1.1 x 1010 n/cm 2s at the patient position are not scattered in the
collimator). Without the effect of neutrons scattered in the collimator (i.e., in the
simulation where neutrons incident on the collimator lining are terminated), the
epithermal current to flux ratio is very high at 0.89.
Despite its superior neutron reflectivity, nickel must be discarded because of its
enormous specific photon dose. Graphite should not be used for the collimator liner due
to its high neutron thermalization and lower reflectivity than both lead and bismuth.
Although lead and bismuth collimators provide similar performance in terms of specific
fast neutron dose, specific photon dose, and beam directionality, a lead collimator
provides 17% more epithermal flux than a bismuth collimator at the maximum thickness
of 20 cm. For this reason, lead was chosen for the collimator liner material. In addition,
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lead is much cheaper than bismuth. However, as was discussed in section 5.3, because
impurities and their resulting photons have not been modeled, the photon doses may be
underestimated. Although neither pure material produces significant activation photons,
lead usually contains a significantly higher concentration of undesirable impurities that
can be activated than bismuth.
The highest epithermal intensity with either lead or bismuth is achieved at the
maximum thickness of 20 cm. However, a 20 cm thick collimator constructed from
either lead or bismuth would be extremely heavy. While the difference in the mass of the
lead collimator for thicknesses of 15 cm and 20 cm is -30%, the difference in epithermal
flux for thicknesses of 15 cm and 20 cm of lead is only 2%. To balance the desire for
high intensity with the requirement that the walls of the collimator be adequately
supported, 15 cm of lead was selected as the optimal collimator liner thickness. Care
should be taken in the engineering design of the collimator to ensure that deformation
will not result from creep of the soft lead in the top or sides of the collimator. If the
collimator cannot be designed to support such a high load, the thickness of lead on the top
(or sides) could be reduced, accepting some loss of intensity.
These issues of support of the collimator's weight and the photon dose resulting
from activation of the collimator should be carefully examined when making a final
decision on the collimator design. Furthermore, the importance of lepi and J/0 as well as
specific fast neutron and photon dose must be considered in the final choice of materials
and material thicknesses.
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Table 5.15 In-air beam performance for bismuth and lead lined collimators of varying
thickness.
Run ID Collimator LinerTm th 4 Jd/h Jp/4co Jd* Df Dy Dfn/o* D -Liner Thickness
cm n/cms 
-n/cms n/cm-s cGy/min cGy/min cGycm2/n cGy cm/n
STD410 None 0 1.4E+08 2.5E+09 2.3E+07 0.90 0.89 0.91 2.5 6.0 1.6E- 11 4.0E-11
(void) 7% 4% 13% 9% 5% 19% 5% 4% 6% 6%
STD387 Bismuth 0.1 4.2E+08 4.9E+09 4.2E+07 0.53 0.65 0.72 4.0 23 1.3E-11 7.6E-11
8% 4% 10% 10% 5% 15% 5% 3% 6% 5%
STD388 Bismuth 0.5 3.8E+08 5.2E+09 4.OE+07 0.57 0.65 0.72 4.1 15 1.3E-11 4.9E-11
7% 4% 9% 8% 5% 14% 4% 3% 6% 5%
STD389 Bismuth I1 3.7E+08 5.5E+09 5.4E+07 0.62 0.64 0.63 4.7 11 1.4E-11 3.3E-11
5% 4% 11% 7% 5% 15% 5% 3% 6% 5%
STD390 Bismuth 2 4.5E+08 5.9E+09 5.0E+07 0.52 0.62 0.64 4.9 9.0 1.4E-1l 2.5E-11
7% 3% 9% 8% 5% 13% 4% 4% 6% 5%
STD391 Bismuth 3 4.3E+08 6.1E+09 5.7E+07 0.57 0.62 0.61 5.3 7.8 1.4E-11 2.1E-11
5% 3% 9% 7% 4% 13% 5% 4% 6% 5%
STD392 Bismuth 4 5.0E+08 6.6E+09 5.5E+07 0.53 0.60 0.62 5.6 7.5 1.4E-11 1.9E-11
5% 3% 8% 7% 4% 13% 5% 4% 6% 5%
STD393 Bismuth 5 4.9E+08 6.7E+09 5.4E+07 0.57 0.60 0.64 5.3 7.3 1.3E-11 1.8E-11
5% 3% 8% 6% 4% 12% 4% 4% 5% 5%
STD394 Bismuth 7 5.5E+08 7.7E+09 5.9E+07 0.53 0.56 0.61 6.0 7.1 1.3E-11 1.5E-11
5% 3% 8% 6% 4% 12% 4% 4% 5% 5%
STD398 Bismuth 10 6.1E+08 8.0E+09 6.5E+07 0.50 0.55 0.56 5.9 7.2 1.2E-11 1.5E-11
4% 3% 11% 6% 4% 14% 4% 4% 5% 5%
STD408 Bismuth 15 6.7E+08 9.1E+09 6.6E+07 0.50 0.53 0.58 6.7 7.3 1.2E-11 1.3E-11
4% 3% 8% 6% 4% 12% 4% 4% 5% 5%
STD402 Bismuth 20 6.9E+08 9.4E+09 7.7E+07 0.48 0.54 0.52 7.1 7.4 1.3E-11 1.3E-11
5% 3% 8% 6% 4% 12% 4% 4% 5% 5%
STD435 Lead 1 4.4E+08 5.8E+09 4.6E+07 0.53 0.62 0.67 4.5 10.3 1.3E-11 3.0E-11
10% 3% 9% 11% 5% 14% 4% 3% 5% 5%
STD396 Lead 3 4.6E+08 6.8E+09 5.3E+07 0.56 0.59 0.62 5.4 7.7 1.3E-11 1.9E-11
5% 3% 8% 7% 4% 13% 5% 4% 6% 5%
STD406 Lead 5 5.5E+08 7.8E+09 5.5E+07 0.52 0.56 0.64 5.7 7.4 1.2E-11 1.6E-11
5% 3% 8% 6% 4% 12% 4% 4% 5% 5%
STD409 Lead 7 6.1E+08 8.6E+09 6.6E+07 0.52 0.54 0.58 6.2 7.4 1.2E-11 1.4E-11
4% 3% 8% 6% 4% 12% 4% 4% 5% 5%
STD400 Lead 10 6.8E+08 9.5E+09 6.4E+07 0.51 0.53 0.60 6.7 7.5 1.2E-11 1.3E-11
4% 3% 7% 6% 4% 11% 4% 4% 5% 5%
STD407 Lead 15 7.8E+08 1.OE+10 7.5E+07 0.48 0.52 0.57 7.2 7.6 1.2E-11 1.2E-11
4% 3% 8% 6% 4% 11% 4% 4% 5% 5%
STD404 Lead 20 8.4E+08 1.1E+10 7.8E+07 0.49 0.52 0.58 7.3 7.7 1.1E-11 1.2E-11
4% 3% 8% 5% 4% 11% 4% 4% 4% 5%
331
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Neutron Beam for Neutron Capture Therapy
Table 5.16 In-air beam performance for graphite and nickel lined collimators of
varying thickness
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF3/30% Al - 2 cm Ti Collimator Lining varying
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
Run ID Collimator Liner Th i ck J/ Je4) / Jf Dfn Dy Dlav/ DI$ei
Liner Thickness
cm n/cm-s n/cms n/cmcs cGy/min cGy/min cGycm2/n cGycmi/n
STD410 None 0 1.4E+08 2.5E+09 2.3E+07 0.90 0.89 0.91 2.5 6.0 1.6E-11 4.0E-11
(void) 7% 4% 13% 9% 5% 19% 5% 4% 6% 6%
STD436 Graphite 1 4.8E+08 5.4E+09 4.5E+07 0.55 0.64 0.68 4.3 26.6 1.3E-11 8.2E-11
6% 4% 10% 7% 5% 14% 6% 3% 7% 5%
STD397 Graphite 3 7.6E+08 6.7E+09 4.9E+07 0.52 0.58 0.65 4.6 22 1.1E-11 5.4E-11
4% 4% 9% 6% 5% 13% 4% 3% 5% 4%
STD411 Graphite 5 1.2E+09 7.2E+09 5.2E+07 0.45 0.56 0.63 4.8 19.5 1.1E-11 4.5E-11
4% 3% 9% 5% 4% 13% 5% 3% 6% 4%
STD412 Graphite 7 1.7E+09 7.2E+09 5.5E+07 0.43 0.57 0.60 4.9 17.0 1.1E-11 3.9E-11
4% 3% 9% 5% 4% 13% 5% 3% 6% 4%
STD401 Graphite 10 2.4E+09 7.3E+09 5.1E+07 0.42 0.57 0.64 4.6 14.5 1.OE-11 3.3E-11
3% 3% 9% 4% 4% 13% 4% 3% 5% 4%
STD413 Graphite 15 3.2E+09 7.4E+09 4.8E+07 0.41 0.57 0.65 4.7 12.0 1.1E-11 2.7E-11
3% 3% 8% 4% 4% 13% 4% 3% 5% 4%
STD405 Graphite 20 3.8E+09 7.6E+09 6.OE+07 0.40 0.56 0.55 4.8 11.1 1.1E-11 2.4E-11
3% 3% 13% 4% 4% 16% 4% 3% 5% 4%
STD431 Nickel 1 5.3E+08 7.5E+09 4.9E+07 0.52 0.56 0.65 5.1 43.4 1.1E-11 9.7E-11
5% 3% 10% 7% 4% 14% 5% 2% 6% 4%
STD395 Nickel 3 6.2E+08 9.4E+09 6.0E+07 0.51 0.54 0.59 6.1 67.06 1.1E-11 1.2E-10
4% 3% 8% 6% 4% 12% 4% 2% 5% 4%
STD432 Nickel 5 6.4E+08 1.OE+10 6.4E+07 0.51 0.51 0.61 6.2 79.2 1.OE-11 1.3E-10
4% 3% 8% 6% 4% 12% 4% 2% 5% 4%
STD414 Nickel 10 6.6E+08 1.OE+10 5.8E+07 0.51 0.52 0.63 6.2 82.6 1.OE-11 1.3E-10
4% 3% 8% 6% 4% 12% 4% 2% 5% 4%
STD399 Nickel 10 6.6E+08 1.1E+10 5.6E+07 0.51 0.52 0.63 6.2 82.9 9.7E-12 1.3E-10
4% 3% 7% 6% 4% 12% 4% 2% 4% 4%
STD433 Nickel 7 6.8E+08 1.1E+10 6.1E+07 0.50 0.51 0.57 6.2 81.6 9.6E-12 1.3E-10
4% 3% 11% 6% 4% 14% 4% 2% 5% 4%
STD434 Nickel 15 6.8E+08 1.1E+10 6.0E+07 0.49 0.50 0.63 6.2 82.9 9.6E-12 1.3E-10
5% 3% 8% 6% 4% 12% 4% 2% 5% 4%
STD403 Nickel 20 6.6E+08 1.1E+10 6.5E+07 0.50 0.51 0.59 6.4 82.2 1.OE-11 1.3E-10
5% 3% 7% 6% 4% 11% 4% 2% 5% 4%
332
Chapter 5: Epithermal Beam Design
1.2e+10
1.0e+10
8.0e+9
6.0e+9
4.0e+9
2.0e+9
O.Oe+O
0 5 10 15 20
Collimator Thickness [cm]
Figure 5.18 Epithermal neutron flux as a function of collimator thickness for
rectangular collimators of bismuth, lead, graphite, and nickel.
F. C. Tank Rectangular Double-walled (Des. 3) Reflectqr 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF 3/30% Al - 2 cm Ti Collimator Lining varying
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
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Figure 5.19 Specific photon dose as a function of collimator thickness for rectangular
collimators of bismuth, lead, graphite, and nickel.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 q Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF3t30% Al - 2 cm Ti Collimator Lining varying
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9
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Figure 5.20 Specific fast neutron dose as a function of collimator thickness for
rectangular collimators of bismuth, lead, graphite, and nickel.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF 3/30% Al - 2 cm Ti Collimator Lining varying
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9
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Figure 5.21 Epithermal current to flux ratio (beam directionality) as
collimator thickness for rectangular collimators of bismuth,
and nickel.
a function of
lead, graphite,
F. C. Tank Rectangular Double-walled (Des. 3) Reflector 5 cm Ni
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Pyramidal
Filter/Moderator 68 cm 70% AIF3/30% Al - 2 cm Ti Collimator Lining varying
Th. Neutron Filter 0.4 mm Cd ICollimator Length 100.9
336
Chapter 5: Epithermal Beam Design
5.5.2 Collimator Shape
Next the impact of collimator shape on beam performance is examined. In these
analyses, methods of improving the beam directionality (as measured by current to flux
ratio) are sought that will not sacrifice too much epithermal intensity. (The reader should
recall from section 4.3.2.1 in the discussion of the definition of JI/ that the neutron
current J is defined by a vector sum of neutron velocity times neutron density in phase
space over all neutron directions while the neutron flux is a scalar sum of neutron density
times speed.) Several collimator designs for the MIT fission converter beam are
investigated, followed by analysis of the collimator design of the BNL fission converter
beam which curiously provides a rather high current to flux ratio of 0.78 despite a length
of only 20 cm.30
5.5.2.1 Collimator Designs for the MIT fission Converter Beam
Several different collimator configurations are examined. All of the calculations
performed for this analysis use D20 cooling with spent fuel in the double-walled
trapezoidal fission converter design (design 4). A 10 cm thick lead reflector surrounds
the "standard" 68 cm 70% AlF3/30% Al - 2 cm Ti filter which is followed by an 8 cm
thick bismuth photon shield. All of the collimator designs considered use a 15 cm thick
lead liner and a 20 cm aperture at the patient position. The collimator length (the distance
between the bismuth shield and patient position) was fixed at 102.1 cm to locate the
patient position at the edge of the permanent reactor shielding block. A shorter
collimator length, although possible, makes access to the beam and patient positioning
much more difficult. Table 5.17 lists the results of these calculations for various
collimator designs.
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For simplicity of modeling, all of the initial fission converter beam designs
employed a conical (with a circular cross section), rather than pyramidal (with a square
cross section) collimator which would be much easier to construct. Calculations using
these two collimator shapes are compared to show their equivalent performance.
Differences in beam performance parameters (given in Table 5.17) for the two collimator
designs are not statistically significant. Essentially, the only physical difference in the
designs is that the corners of the pyramidal collimator are filled with lead in the conical
design. Although these corners comprise -20% of the open area of the bismuth photon
shield, because at these locations the solid angle subtended by the beam aperture is very
small compared to that subtended by the collimator walls, neutrons emerging from the
bismuth photon shield in these corners are unlikely to reach the patient position.
The next design, conceived as a combination of the BNL collimator design, which
is basically a 20 cm long box (discussed in section 5.5.2.2), and the pyramidal collimator
design, is shaped like a common kitchen funnel, but with a square rather than round cross
section. Figure 5.22 shows side and plan views of this funnel-shaped collimator design.
In this analysis, the unsloped portion of the collimator is varied from 0 to 102.1 cm in
length. In the limit of zero unsloped length, the collimator forms a truncated pyramid and
in the limit of large (i.e., 102.1 cm) unsloped length, the collimator forms a long, straight
tube through the high density concrete shielding. It was hoped that this design might
combine the good directionality characteristics of the BNL collimator design with the
high intensity of the pyramidal collimator design. However, in Figure 5.23, which plots
epithermal flux and current to flux ratio as a function of the unsloped length of the
collimator, one sees that although the current to flux ratio increases somewhat with this
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design, the improvement is not without a substantial loss of epithermal intensity. By
increasing the unsloped portion of the collimator from 0 to 20 cm (the length of the BNL
collimator), the current to flux ratio is increased by 9% (from 0.66 to 0.72) and the
epithermal flux decreases by 37% (from 1.31 x 1010 n/cm 2s to 8.10 x 109 n/cm 2s). An
equal increase in J/4 (from 0.72 to 0.78) requires an additional 82.1 cm of unsloped
collimator length and is accompanied by an 82% loss of epithermal flux. Although this
analysis has not yielded a beam with optimal performance, it does provide some insight
into collimator design.
A final collimator design was considered in which the pyramidal collimator is
simply an extension of the reflector surrounding the filter moderator. This design,
suggested by E.L. Redmond II, is termed the "focusing" collimator design because the
beam cross section decreases along the entire length of the beam to focus on the aperture
at the patient position. Two versions of this design were investigated, a "wide-mouthed"
version, in which the edges of the lead reflector surrounding the filter are located 52.5 cm
from the beam axis at the front of the filter/moderator and a "narrow-mouthed" version in
which the edges of the reflector are positioned flush with the top, bottom, and sides of the
fuel in the fission converter. Figure 5.24 illustrates the "wide-mouthed" design with side
and plan views of the beam design. Figure 5.25 shows similar views of the "narrow-
mouthed" design.
Beam performance parameters for these two focusing collimator designs are listed
at the bottom of Table 5.17. The "wide-mouthed" design provides a somewhat higher
(6%) current to flux ratio than the pyramidal collimator design, but with an 18% lower
epithermal flux. The "narrow-mouthed" focusing design yields a slightly higher,
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although not necessarily statistically significant current to flux ratio (0.72 as opposed to
0.70 for the "wide-mouthed" design) and a substantially lower epithermal flux of
7.04 x 109 n/cm 2s.
At 1.49 x 10-" cGy cm2/n, the specific fast neutron dose of the "wide-mouthed"
focusing design is somewhat higher than that of the pyramidal collimator design, at
1.30 x 1011 cGy cm2/n. This effect is amplified in the narrow mouthed focusing
collimator design; its specific fast neutron dose (2.17 x 1011 cGy cm2/n) is 67% higher
than that of the pyramidal design. The observed increase in specific fast neutron dose is
most likely due to the reduction in the volume of AlF3/Al available for fast neutron
filtering and moderation. This effect indicates that the cross-sectional area of the beam
has a significant impact on beam performance. Future studies should include
optimization of the cross-sectional area of the filter/moderator.
None of the collimator designs examined here provide a substantial improvement
in beam directionality over the pyramidal collimator design without a large loss of
intensity. Furthermore, without analysis of the depth/dose profiles produced in an
ellipsoidal head phantom by the different collimator designs, it is difficult to know
whether an improvement in collimation provides any real benefit. For these reasons, the
pyramidal collimator design is believed to be optimal and is chosen for the "final" beam
design. Nevertheless, the collimator design should subjected to further study. Included in
future analyses should be a careful consideration of the optimal aperture size and shape.
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Table 5.17 In-air beam performance for different collimator shapes.
F. C. Tank Trapezoidal Double-walled (Des. 4) Reflector 10 cm Pb
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Filter/Moderator 68 cm 70% A1F/30% Al -2 cm Ti Collimator Lining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length 102.1 cm
Run ID Collimator Straight th *epi Of Jt4•thi Jepi/epi Jf/f Df Dfn/epi
Shape Length
cm n/cm2s n/cm 2s n/cm2s cGy/min cGy cm2/n
STD556 Cone 9.5E+08 1.32E+10 1.1E+08 0.65 0.67 0.70 10.0 1.26E-11
See 2% 1% 3% 3% 2% 4% 2% 2%
Fig. 4.13
STD557 Pyramid 0.0 9.4E+08 1.31E+10 1.1E+08 0.66 0.66 0.68 10.2 1.30E-11
See 2% 1% 3% 2% 2% 4% 2% 2%
Fig. 4.13
STD558 Funnel 20.0 6.2E+08 8.10E+09 7.6E+07 0.69 0.72 0.75 6.5 1.34E-11
See Fig. 3% 1% 3% 3% 2% 4% 2% 2%
5.22
STD559 Funnel 40.0 4.0E+08 5.23E+09 4.5E+07 0.71 0.74 0.78 4.2 1.34E-11
3% 2% 3% 3% 2% 5% 2% 3%
STD560 Funnel 60.0 2.7E+08 3.32E+09 3.0E+07 0.74 0.76 0.77 2.7 1.35E-11
3% 2% 5% 4% 3% 6% 2% 3%
STD561 Funnel 80.0 1.9E+08 2.29E+09 2.4E+07 0.74 0.75 0.73 1.9 1.37E-11
4% 2% 10% 5% 3% 11% 3% 4%
STD562 Straight 102.1 1.2E+08 1.43E+09 1.3E+07 0.76 0.78 0.81 1.2 1.39E-11
4% 3% 5% 6% 4% 8% 3% 4%
STD563 Focusing 8.2E+08 1.07E+10 1.3E+08 0.67 0.70 0.72 9.5 1.49E-11
(wide 2% 1% 3% 3% 2% 4% 2% 2%
mouth)
STD571 Focusing 4.7E+08 7.04E+09 1.4E+08 0.71 0.72 0.75 9.2 2.17E-11
(narrow 2% 2% 3% 3% 2% 4% 2% 2%
mouth)
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Figure 5.22 Side and plan views of the funnel-shaped collimator design. The unsloped
portion of the collimator is 20 cm long in the model shown. The cross
section of the collimator (and beam in general) is square.
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Figure 5.23 Epithermal thermal flux and epithermal current to flux ratio as a function
of the length of the straight portion of the collimator for the funnel-shaped
collinimator design.
F. C. Tank Trapezoidal Double-walled (Des. 4) Reflector 10 cm Pb
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20O Collimator Shape varying
Filter/Moderator 68 cm 70% AIF3/30% Al - 2 cm Ti Collimator Linining 15 cm Pb
Th. Neutron Filter 0.4 mm Cd Collimator Length 102.1 cm
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Figure 5.24 Side and plan views of the "wide-mouthed" focusing collimator design.
The cross section of the collimator is square.
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1 - 1
Figure 5.25 Side and plan views of the "narrow-mouthed" focusing collimator design.
The cross section of the collimator is rectangular.
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5.5.2.2 Comparison with the BNL Collimator Design
Because the collimator in the BNL fission converter beam design is only 20 cm
long, it is remarkable that it has a current to flux ratio of 0.78 while the MIT fission
converter beam, with a collimator 102.1 cm long, has a lower current to flux ratio of only
0.66.30 One naturally expects that a longer collimator would permit a higher degree of
angular redistribution of neutrons, resulting in better collimation. However, as discussed
above, in the MIT fission converter beam approximately 75% of the neutron flux at the
patient position is due to neutrons that interact in the collimator. Although this degrades
collimation, it nearly doubles intensity.
In order to better understand the differences in the two collimator designs, a few
Monte Carlo simulations of the BNL collimator design were performed. Rather than
simulating the entire BNL fission converter beam, a model of the collimator in the BNL
beam design was constructed. The collimator, shown in Figure 5.26, is a 20 cm long 25.4
x 25.4 cm port that follows a 10 cm thick bismuth photon shield. The first 5 cm of the
collimator sides are bismuth, the middle 10 cm are lead, and the last 5 cm is lithiated
polyethylene. A planar source of epithermal neutrons ranging in energy between 1.0 eV
and 10 keV was started at the front of the bismuth photon shield as indicated in Figure
5.26. Since the angular distribution of neutrons incident on the bismuth photon shield is
unknown, two limiting cases were simulated, an isotropic angular distribution (CUR004)
and a monodirectional angular distribution parallel to the beam axis (CUR005).
Simulating only this small portion of the BNL beam allowed the calculations to be made
very quickly and with low statistical uncertainty. This technique in which only portions
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of a beam design are examined could also be useful for future analyses of the MIT fission
converter beam design.
Source
Plane
ithiated
'olyethylene
atient
osition
Figure 5.26 Cross-sectional view of the BNL collimator design model. All dimensions in cm.
Neutron current, flux, and angular current distribution in 20 equicosine bins were
tallied inside the collimator at distances of 0, 5, 10, 15, and 20 cm from the rear face of
the bismuth photon shield. Table 5.18 lists the results of these two simulations in
addition to analytical estimations of the current to flux ratio in the BNL collimator. The
forward directed partial current to flux ratio and epithermal flux (relative to flux at the
rear edge of the bismuth photon shield) are plotted as functions of distance for the source
angular distributions in Figure 5.27 a and b. As expected, the monodirectional source
provides both a higher partial current to flux ratio and higher epithermal flux than the
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isotropic source. At each point, the differences between these two cases, which bound the
real situation, is only about 10%. Because of the close proximity to the planar source, the
flux falls off much more slowly than 1/r2. The current to flux ratio increases from its
minimum of -0.5 at the rear edge of the bismuth photon shield to a maximum of -0.8 at
the patient position, 20 cm distant. The current to flux ratios for the two angular
distributions, 0.755 and 0.818, bound the published value of 0.78, substantiating its
accuracy.
Figure 5.28 and Figure 5.29 show the angular current distribution as a function of
position in the collimator for the monodirectional and isotropic source angular
distributions, respectively. At the front edge of the collimator, the angular distribution for
the monodirectional source is, as expected, much more narrow than that for the isotropic
source. In both figures, one may observe that an angular redistribution occurs as neutrons
travel down the collimator; those angular components far from the forward direction
diminish rapidly with distance while the most forward directed components are less
affected. By the end of the collimator, both angular distributions have narrowed
substantially due to loss of large angle neutrons impinging on the sides of the collimator.
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Partial current to flux ratio and relative epithermal flux in the BNL
collimator model as a function of distance from the leading edge of the
collimator calculated via Monte Carlo with isotropic and monodirectional
sources and analytically with an isotropic source. All statistical
uncertainties are less than 0.3%.
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Table 5.18
Source Isotropic (CUR004) Monodirectional (CUR005) IsotropicAnalytical
Distance from
Bismuth Surface J(x(x) (x)/(0) J(x)/4(x) 4(x)/1(0) J+(x)/A(x)
cm
0.0 0.485 1.000 0.517 1.000
5.0 0.541 0.742 0.588 0.754 0.596
10.0 0.578 0.561 0.637 0.583 0.727
15.0 0.651 0.402 0.716 0.439 0.806
20.0 0.755 0.276 0.818 0.325 0.857
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Figure 5.27 Current to flux ratio and epithermal flux as a function distance in the BNL
collimator model.
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Angular current distribution as a function of the cosine of neutron angle
with the beam axis (g) for different positions in the BNL collimator
model. The planar epithermal neutron source incident on the bismuth (see
Figure 5.26) is monodirectional and parallel to the beam axis. Statistical
uncertainties are smaller than the width of the thick lines.
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Figure 5.29 Angular current distribution as a function of the cosine of neutron angle
with the beam axis (gt) for different positions in the BNL collimator
model. The planar epithermal neutron source incident on the bismuth (see
Figure 5.26) is isotropic. Statistical uncertainties are smaller than the
width of the thick lines.
In addition to these simulations of the BNL collimator, a set of "hand"
calculations of the current to flux ratio provides some insight into the collimator design.
The current to flux ratio for the collimator was estimated by calculating the current to flux
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ratio of unscattered neutrons from an isotropic planar source located at the right edge of
the bismuth photon shield. Although this simple method does not account for scattering
from the walls of the collimator, scattering could be accounted for via a neutron albedo,
but this would make the calculation very complicated.' s
Derivation of the current to flux ratio, which will not be provided in detail, was
accomplished using the simple ray analysis techniques of radiation shielding. The planar
source of neutrons is assumed to be a square of dimension 2a by 2a, centered on the beam
(x) axis at x=xo. The aperture at the patient position is assumed to be a square of
dimension 2b by 2b located at x=xl. Coordinates on the source plane at x=xo are (yo, zo)
and coordinates on the aperture at x=xl are (yl, zj). The neutron current at each location
on the aperture is obtained by integrating the contribution to the neutron flux from each
differential surface element times the cosine of its angle with the beam axis over the
source plane. Integrating the current over the surface of the aperture and dividing by the
integral of the flux over the aperture surface yields the current to flux ratio, which is
equivalent to the average cosine of the unscattered neutron angular distribution:
Jbb 2 1  ) 13/2 dyed dydz(5.1)bJ b a( [0) - zO2
-t (5.1)
f-b LbL - a[( - (YL-)2 1  0 2 +(z -)2] dyodzodyldzl
MathCad required a few minutes to evaluate the two quadruple integrals
numerically on a 60 MHz Pentium computer. For the BNL collimator design, xl-xo = 20
cm and a=b=12.7 cm. Results for this computational approach as a function of position
in the collimator are listed in the last column of Table 5.18. This analytical method yields
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higher values of J/0 than the Monte Carlo simulations because it neglects the effect of
neutron scattering in the walls of the collimator, which increases large angle components
of the neutron angular distribution.
Using a=55, b=10, and Ax=100, a configuration very similar to the pyramidal
collimator of the MIT fission converter beam, this method yields JA/=0.921, which is not
statistically different from the value of 0.89 (±5%) calculated in STD410 (see section
5.5.1), the Monte Carlo simulation in which all neutrons impinging on the collimator
liner are terminated.
5.6 Reflector Optimization
By reducing transverse leakage out of the filter/moderator, the reflector
surrounding the filter/moderator increases the intensity of the beam. A good reflector
material should have a high scattering cross section for epithermal neutrons and a high
atomic mass so that neutrons experience little energy loss in scattering. The nearly
isotropic angular distribution for elastic scattering in the laboratory frame of reference
afforded by heavy isotopes is also beneficial. Low photon production and activation of
the reflector are also desirable, but less important than other properties because of the
relatively large distance of the reflector from the patient position.
Three different reflector materials were considered: nickel, lead, and aluminum
fluoride. Neutronic properties of these materials are given in Table 5.2. In addition to its
high epithermal scattering cross section and high atomic density, nickel may offer an
additional advantage over lead; nickel's total cross section at fast energies is about 4.6
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times lower than its total cross section at epithermal energies. Hence, a nickel reflector
permits fast neutrons to leak out of the filter/moderator while preferentially retaining
epithermal neutrons. Aluminum fluoride was considered as a reflector material in order
to show that using lead and nickel as reflectors does in fact provide benefit over a similar
volume of filter/moderator. Although a demonstration of this effect would have been
more clear with the primary filter/moderator material (a mixture of 70% AlF3 and 30%
Al), pure AlF3 was used instead.
A parametric analysis of the reflector was carried out with these three materials, in
which the thickness of the reflector was varied from 0 to 10 cm in steps of 2.5 cm. The
calculations for this analysis were performed using the rectangular double-walled fission
converter design (design 3) with D20 cooling, burned fuel, and the standard 68 cm 70%
AlF3/30% Al - 2 cm Ti filter/moderator. A 3 cm thick conical bismuth collimator
followed the 8 cm thick bismuth photon shield. Unfortunately, the neutron current was
calculated incorrectly (with a cosine weighting) in all of these calculations, so current to
flux ratios are not available.
Table 5.19 lists in-air beam performance results for the parametric analysis of the
reflector surrounding the filter/moderator. Epithermal neutron flux is plotted as a
function of reflector thickness for the three materials in Figure 5.30. For all of the
materials, increasing the reflector thickness increases the epithermal neutron flux at the
patient position. Both lead and nickel provide significantly greater reflection than AlF3.
As was observed in analysis of the collimator lining (section 5.5.1), the epithermal flux
with a nickel reflector increases much more rapidly in the first few cm, but appears to
quickly reach a plateau. On the other hand, with a lead reflector the epithermal flux rises
355
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Neutron Beam for Neutron Capture Therapy
linearly to a maximum equal to that of nickel at 10 cm, the greatest reflector thickness
considered. This suggests that further benefit may be gained with greater reflector
thickness. Although the neutron currents were calculated with an extra cosine weighting,
the "current to flux ratios" derived from this data are not completely useless and
uninteresting. Instead of giving the usual mean cosine of the neutron angular distribution
at the patient position, this number gives an approximation of the mean square cosine
(cos 2 0 ). By increasing the reflector thickness from 0 to 10 cm, the mean square cosine is
increased from 0.59 (±3%) to 0.72 (±3%) for nickel and 0.73 (±3%) for lead. Hence,
improving neutron reflection around the filter/moderator appears to increase collimation.
Because of its low photon production compared to nickel and low cost, a 10 cm thick lead
layer of lead was chosen for the reflector surrounding the filter/moderator.
Analysis of the focusing collimator design (section 5.5.2) and design calculations
for the moderator assembly of an accelerator-based epithermal neutron beam by Yanch et
al. indicate that the transverse (cross-sectional) dimensions of the filter/moderator affect
beam quality and, to a lesser degree, its intensity.29 However, one should realize that the
maximum transverse dimensions of the filter/moderator, at least near the fission
converter, are constrained by the size of the thermal column. Presently, the
filter/moderator plus reflector occupies nearly the maximum horizontal dimension of the
thermal column. Although all analyses in this work have been made with a square beam
cross section, if expansion in the vertical direction could improve performance, the cross
section need not remain square. The impact of the transverse dimensions of the beam on
performance has not been fully investigated in this work, but should be analyzed in later
calculations.
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Although a 10 cm thick lead reflector was chosen for the "final" beam design,
once the issues of activation and optimization of the size of the filter/moderator cross
section have been considered in detail, one might find that a nickel reflector provides
better performance.
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In-air beam performance parameters for
surrounding the filter/moderator.
varying thickness of the reflector
F. C. Tank Rectangular Double-walled (Des. 3) Reflector varying
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D20 Collimator Shape Conical
Filter/Moderator 68 cm 70% AlF3/30% Al - 2 cm Ti Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
Reflector Reflector
_ _Run ID Composition Thickness p f Depi
cm n/cm2s n/cm2 s n/cm 2s cGy/min cGy cm2 /s
STD415 - 0.0 2.6E+08 4.1E+09 5.9E+07 5.3 2.1E-11
4% 2% 5% 4% 4%
STD565 Ni 2.5 3.8E+08 5.6E+09 4.3E+07 4.3 1.3E-11
3% 2% 4% 2% 3%
STD330 Ni 5.0 4.6E+08 5.7E+09 4.8E+07 4.7 1.4E-11
3% 2% 5% 3% 3%
STD568 Ni 7.5 4.8E+08 6.1E+09 5.1E+07 4.8 1.3E-11
3% 2% 5% 2% 3%
STD417 Ni 10.0 5.1E+08 6.1E+09 5.3E+07 4.8 1.3E-11
3% 2% 5% 3% 3%
STD566 Pb 2.5 3.1E+08 4.6E+09 4.9E+07 4.3 1.6E-11
4% 2% 5% 2% 3%
STD416 Pb 5.0 3.7E+08 5.2E+09 4.9E+07 4.5 1.4E-11
3% 2% 5% 2% 3%
STD569 Pb 7.5 4.1E+08 5.6E+09 4.9E+07 4.8 1.4E-11
3% 2% 4% 2% 3%
STD418 Pb 10.0 4.8E+08 6.0E+09 6.1E+07 5.2 1.5E-11
4% 2% 6% 3% 3%
STD567 AlF3  2.5 2.9E+08 4.2E+09 4.3E+07 4.3 1.7E-11
4% 2% 5% 2% 3%
STD419 AlF3  5.0 3.3E+08 4.7E+09 5.0E+07 4.6 1.6E-11
3% 2% 5% 2% 3%
STD570 AIF3  7.5 3.8E+08 5.0E+09 4.8E+07 4.6 1.5E-11
3% 2% 4% 2% 3%
STD564 AlF3  10.0 3.9E+08 5.3E+09 5.OE+07 4.7 1.5E-11
3% 2% 4% 2% 3%
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Figure 5.30 Epithermal flux versus thickness of the reflector surrounding
filter/moderator for reflectors of nickel, lead, and aluminum fluoride.
F. C. Tank Rectangular Double-walled (Des. 3) Reflector varying
Fuel Burned MITR-II fuel Photon Shield 8 cm Bi
Coolant D2 0 Collimator Shape Conical
Filter/Moderator 68 cm 70% AIF 3/30% Al - 2 cm Ti Collimator Lining 3 cm Bi
Th. Neutron Filter 0.4 mm Cd Collimator Length 100.9 cm
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5.7 Final Beam Characterization
Having considered the design analyses for the fission converter beam using only
in-air beam performance at a single location, the patient position, we now examine a
number of other characteristics of the "final" fission converter beam design. Rather than
provide a comparative analysis of different beam designs, it is hoped that this section will
illustrate the physics of the epithermal beam design as well as provide useful information
such as the spectra, etc. Elements of this style of analysis would complement the
parametric analysis employed through most of this thesis in future beam optimization.
Among the data presented in this section are three-group neutron flux and dose
rate as a function of position in the beam, the neutron spectrum as a function of position
in the beam, neutron and photon spectra and angular distributions at the patient position,
and the neutron flux and photon dose profiles at the patient position. The beam model
used in these analyses is the "final" beam design, which employs the trapezoidal double-
walled fission converter design (design 4) with D20 cooling and spent fuel. A 10 cm
thick lead reflector surrounding the "standard" 68 cm 70% A1F3/30% Al - 2 cm Ti filter
which is followed by a cadmium layer of 0.04 cm and then an 8 cm thick bismuth photon
shield. The pyramidal collimator has a 15 cm thick lead liner and a 20 cm aperture at the
patient position.
First the three-group neutron flux and dose rate will be examined as a function of
position on the beam axis (referenced to the core center). Neutron flux was calculated
using surface flux tallies (F2) inside a 20 cm diameter cylinder centered on the beam axis.
Figure 5.31 plots the thermal (0 to 1 eV), epithermal (1 eV to 10 keV), and fast (10 keV
to 20 MeV) neutron flux as a function of position along the beam axis.
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The left most location on the graph is the interface between the thermal column
and the outer tank. At this point, both the thermal and fast flux are quite high due to the
high thermal flux incident on the converter from the core and the conversion of this
thermal flux into a fast flux via fission. The thermal flux drops sharply across the fission
converter because of absorption in the fuel while the fast flux increases slightly due to the
increased return current resulting from the presence of the highly scattering
filter/moderator (as opposed to vacuum on the other side of the converter). The
epithermal flux increases slightly across the fission converter due to thermalization of fast
neutrons in the converter and in the filter/moderator.
In the 68 cm of 70% A1F3/30% Al in the filter/moderator the fast neutron flux
experiences exponential attenuation, dropping by a factor of 725. In this same distance,
the epithermal and thermal fluxes decrease by factors of only 10.2 and 19.4, respectively.
Hence, the 70% AlF3/30% Al mixture is observed to be a very effective band-pass filter
for epithermal neutrons. The shape of the thermal flux profile suggests that if it were not
for the influence of the highly absorbing titanium and cadmium at the end of the
filter/moderator, the thermal flux near the end of the filter/moderator would be
significantly higher. Near the front of the filter/moderator, the epithermal flux profile
shows significant curvature due to slowing down of fast neutrons. However, in the rear
half of the filter/moderator, an exponential decay is observed because the in-scattering
source from fast neutrons is so much smaller. The effect of the 2 cm layer of titanium is
to reduce the fast, epithermal, and thermal fluxes by factors of 3.4, 1.2, and 2.5,
respectively. At 10 keV, the center of the large titanium resonance, the titanium layer
reduced neutron flux by a factor of 2. The 0.04 cm thick layer of cadmium reduces the
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thermal flux (0 to 1 eV) by a factor of 1.7 while perturbing the fast and epithermal fluxes
by less than 1%. Such a small reduction in thermal flux due to cadmium (especially
relative to that of the titanium layer) is surprising, but the thermal component (< 1.0 eV)
of the spectrum incident on the cadmium has been significantly hardened by absorption in
the 70 cm long filter/moderator.
The 8 cm thick bismuth photon shield is responsible for reduction in the fast,
epithermal, and thermal fluxes by factors of 2.8, 2.5, and 2.0. As Figure A.23 in
confirms, the bismuth total cross section is actually lowest in the (upper portion of the)
thermal region because of its low thermal absorption cross section and resonances in the
fast and epithermal energy ranges. Over the 102.1 cm length of the collimator, the fast,
epithermal, and thermal fluxes decrease by factors of 4.1, 3.9, and 3.7, respectively.
Beyond the collimator, neutron flux falls off because of -1/r2 spreading.
Figure 5.32 shows the three-group and total neutron dose rates, which were tallied
in a similar manner to the flux, versus position along the beam axis. As one should
expect, the 3-group fluxes and 3-group dose rates exhibit very similar trends. Very steep
exponential attenuation of the fast neutron dose rate is observed across the
filter/moderator. Gentler attenuation of the thermal and epithermal neutron dose rates is
observed with curvature similar that of the thermal and epithermal fluxes. However, a
few differences are to be noted. First, because the magnitude of the neutron kermas at
fast energies is so much higher than at thermal and epithermal energies, the fast neutron
dose near the converter is much higher than the epithermal or thermal neutron dose rates.
Interestingly, the 1.5-fold reduction in fast neutron dose rate associated with the 2 cm
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layer of titanium is not as large as the 2.5-fold reduction in fast neutron flux due to the
titanium.
Some of this behavior can be understood by examining the neutron flux spectrum
(per unit lethargy), which is plotted versus position in Figure 5.33. The spectra shown
were calculated in equilethargy energy bins with 5 bins per decade. The neutron flux
spectra were tallied inside a 20 cm diameter cylinder along the beam axis. A number of
interesting features may be observed in the figure. First, the high peak of the thermal
spectrum incident on the fission converter is visible at the rear of the figure. Immediately
following the incident thermal spectrum is the spectrum exiting the converter, composed
of a fission spectrum plus a 1/E slowing down spectrum with a small thermal peak.
Through the filter/moderator (i.e., between the incident thermal spectrum at the rear and
the 8 closely spaced lines that represent spectra in the bismuth photon shield), the thermal
flux is depressed relative to the flux at epithermal energies. Also, moderate attenuation of
the flux at epithermal energies is observed, but that is very small compared to the
attenuation of fast flux in the filter/moderator. The sharp drop-off of the thermal flux in
the vicinity of the titanium and cadmium may also be observed. It is also evident that the
greatest effect of the titanium on the fast and epithermal flux is near the peak of its large
scattering resonance around 104 eV. The bismuth photon shield and the collimator
appear to produce nearly uniform reductions in all regions of the spectrum. A lack of
return current at the end of the collimator produces the apparent loss of flux.
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Figure 5.31 Three-group neutron flux as a function of position along the beam axis for
the final beam design. Vertical lines mark the boundaries between
different regions of the beam as indicated in the figure.
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Figure 5.32 Three-group and total neutron dose rate as a function of position in thebeam line for the final beam design. Vertical lines mark the boundariesbetween different regions of the beam as indicated in the figure.
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Figure 5.33 Neutron flux spectrum as a function of position along the beam axis for
the final beam design.
The resulting neutron flux spectrum at the patient position is shown in Figure
5.34. The largely epithermal spectrum has an average (flux-weighted) energy of 2.9 keV.
366
Chapter 5: Epithermal Beam Design
Average energies were calculated for each energy group and are listed in Table 5.20.
92.5% of the neutron flux is epithermal, 6.7% is thermal, and 0.8% is fast. Table 5.21
lists the 3-group neutron fluxes and other figures of merit for this spectrum. In-air fast
neutron and photon doses calculated at the patient position with brain and muscle kermas
are listed in Table 5.22. The differences between the doses calculated with brain kermas
and those calculated with muscle kermas are around 1% and are not statistically
significant.
Table 5.20 Flux-weighted average energies of each energy group for the neutron
spectrum at the patient position. The statistical uncertainty in each
average energy is listed in the row immediately below the value.
Energy Group Thermal Epithermal Fast Total
0- l eV l eV - 10 keV 10 keV - 20 MeV 0 - 20 MeV
Average Energy 0.62 eV 420 eV 0.32 MeV 2.9 keV
3% 2% 4% 2%
The neutron current angular distribution for this spectrum at the patient position is
shown in Figure 5.35. With a current to flux ratio of 0.66, the angular distribution
obviously has a strong forward peak, but the distribution is wider than that obtained with
the BNL collimator model (see Figure 5.28 and Figure 5.29). Although the current to
flux ratio is about 18% lower than the suggested target of 0.8, examination of the dose
profiles calculated with this beam in the next section will demonstrate that beam
performance is not significantly degraded.
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Table 5.21
Table 5.22
Three-group neutron flux and current to flux ratios at the patient position
calculated for the "final" beam design. The statistical uncertainty in each
quantity is listed in the row immediately below the value.
_ _th 
4 epi Of Jtrh/th JepiA/Iepi J f
n/cm2s n/cm2s n/cm2s
9.6E+08 1.32E+10 1.1E+08 0.65 0.66 0.68
2% 1.3% 3% 2% 1.7% 4%
In-air fast neutron and photon dose at the patient position calculated for
the "final" beam design with kerma factors for brain and muscle tissue.
The statistical uncertainty in each quantity is listed in the row immediately
below the value.
Brain Kermas Muscle Kermas
Dfn D_ Dfn/epi D/epi Dfn D. Dfn/oepi D/#epi
cGy/min cGy/min cGy cm2/n cGy cm2/n cGy/min cGy/min cGy cm2/n cGy cm2/n
10.1 9.6 1.3E-11 1.2E-11 10.2 9.5 1.3E-11 1.2E-11
1.4% 1.4% 1.9% 1.9% 1.4% 1.4% 1.9% 1.9%
The total neutron flux profile at the patient position is shown in Figure 5.36.
Horizontal and vertical flux profiles centered on the beam axis are show in Figure 5.37 a
and b. The dashed vertical lines indicate the edge of the collimator. ;The figures indicate
that, although a small peaking factor may exist, the flux profile is relatively flat inside the
delimited beam. Outside the beam, the neutron flux drops off rapidly so that the dose to
the patient away from the target area is low.
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Figure 5.34 Neutron flux spectrum in air at the patient position for the final beam
design.
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Figure 5.35 Neutron current angular distribution at the patient position as a function of
cosine of the angle with the beam axis (g.) for the final beam design.
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Figure 5.36 Total neutron flux profile at the patient position for the final beam design.
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Figure 5.37 Horizontal and vertical total neutron flux profiles at the patient position
for the final beam design.
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The photon flux spectrum at the patient position is plotted in Figure 5.38. The
most prominent feature of the spectrum is the annihilation peak at 0.511 MeV.
Superposed over the continuous spectrum are several peaks of notably high energy that
were identified using Reference 31. The peaks in the photon spectrum at 7.4 and -4.1
MeV arise from neutron capture by lead and bismuth, respectively. Other peaks in the
spectrum from titanium, cadmium, and aluminum are identified on the figure as well.
The short peak at 0.075 MeV is likely due to lead or bismuth x-rays. The average energy
of the photon spectrum is 2.6 MeV.
The photon current angular distribution is shown in Figure 5.39. Because few
photons arise in the collimator (around 10%), the photon angular distribution is much
more narrow than the neutron angular distribution. The current to flux ratio for photons
at the patient position is 0.86.
The photon dose profile at the patient position, found in Figure 5.40, is markedly
different from the neutron flux profile at the patient position. Figure 5.41 a and b also
show horizontal and vertical photon dose profiles centered on the beam axis. The figures
show a relatively flat dose rate profile across the inside of the beam. The presence of the
lead collimator lining reduces the photon dose outside the beam by a factor of -20.
However, beyond the lead collimator lining which is 15 cm thick, the photon dose begins
to rise steeply because of photon production in the high density concrete shielding.
Although the photon dose can be significantly reduced by replacing the last few
centimeters of high density concrete with lead, photon production in the concrete should
be examined more closely. For example, lithium carbonate might be considered as a
dopant for the concrete instead of boron.
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Figure 5.38 Photon flux spectrum at the patient position for the final beam design.
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Figure 5.39 Photon current angular distribution at the patient position for the "final"
beam design.
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Figure 5.40 Photon dose profile at the patient position for the final beam design.
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Figure 5.41 Horizontal and vertical photon dose profiles through the beam axis at the
patient position for the final beam design.
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5.8 Dose Profiles for the "Final" Beam Design
In this final section, beam performance is discussed in terms of the most useful
and realistic figure of merit, dose profiles calculated in an ellipsoidal head phantom.
Dose profiles along the central axis of an ellipsoidal head phantom, calculated for the
"final" beam design using the computational methods outlined in chapter 2, are shown in
Figure 5.42. Assumptions of boron concentration are 40 ppm in tumor with a 3.5:1 tumor
to normal tissue concentration ratio. This boron uptake scenario is typical for brain
therapies using fructose BPA (BPA-f) as the boron delivery agent.32 The RBE's used in
this calculation, which are from the NEDH/MIT BNCT Brain Therapy Protocol, are
deemed to be the best available estimates of the actual RBE's.32 The RBE's are as
follows: 3.2 for all neutrons, 0.5 (fractionated dose) or 1.0 (single dose) for photons, 3.8
for 10B in tumor, and 1.35 for '0B in normal tissue. An RBE of 1.0 is used for photons
because treatments with the fission converter beam may not be fractionated.
As the depth/dose profiles illustrate, deep effective beam penetration and an
excellent therapeutic ratio are achieved with this high intensity beam. The superior
advantage parameters of this beam (advantage depth of 9.5 cm, advantage ratio of 4.9,
and advantage depth dose rate of 435 cGy/min) would permit its use in a high-throughput
treatment facility. Single-fraction irradiations to a normal tissue tolerance level of 1000
RBE cGy would require only 2.3 minutes.
Comparison of dose profiles calculated for the fission converter beam with those
measured for the current MIT medical beam, which are shown in Figure 5.43 for similar
assumptions of boron uptake and RBE's, demonstrates that the performance of the fission
converter beam is a great improvement over current capabilities. The advantage ratio for
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the fission converter beam, at 4.9, is nearly twice that of the M67 beam, 2.6. While the
advantage depth dose rate for the fission converter beam is -50 times higher than for the
M67 beam (8.8 cGy/min), the peak tumor dose rate for the fission converter beam is -~ 100
times higher than for the M67 beam. Furthermore, the advantage depth for the fission
converter beam, at 9.5 cm, is 2.5 cm deeper than for the M67 beam.
From the depth/dose profiles of the fission converter beam, it is clear that the fast
neutron and incident photon contamination are small compared to the irreducible
background photon dose due to neutron capture by hydrogen in the patient; these incident
nonselective dose components do not affect the normal tissue or tumor dose profiles
significantly. The maximum specific fast neutron dose (3.8 x 10-11 RBE cGy cm2/n) is
22% of the peak specific induced photon dose (1.7 x 10-10 RBE cGy cm2/n) and the
maximum specific incident photon dose (9.5 x 10-12 RBE cGy cm2/n) is 5% of the peak
specific photon dose. The contribution of these dose components to peak healthy tissue
dose is of course significantly smaller than these percentages.
To illustrate that these adventitious dose components are indeed negligible, the
advantage parameters of this beam are examined under a few scenarios with certain dose
components eliminated. First, advantage parameters for the scenario of 0 ppm 10B in
normal tissue are calculated to provide a baseline for comparison. With the normal tissue
boron dose present, reduction of the fast neutron or incident photon dose would have no
noticeable effect. Although now unrealistic, the situation of no boron in normal tissue
emulates future boron delivery agents with high tumor to normal tissue uptake ratios.
Dose profiles calculated for the fission converter beam in this situation are shown in
Figure 5.44. To ascertain the effect of the fast neutron dose in such a situation, one
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should compare the advantage parameters (for no normal tissue boron dose) with and
without the fast neutron dose present. Removal of the entire fast neutron dose results in a
1% increase in advantage depth (from 11.2 to 11.3 cm) and a 4.6% increase in advantage
ratio (from 8.7 to 9.1). Similarly, removal of the incident photon dose results in no
discernible change in advantage depth and a 5.7% increase in advantage ratio (from 8.7 to
9.2). With both the fast neutron and incident photon doses eliminated, the advantage
depth is increased by 1% and the advantage ratio is increased by 10.3% (from 8.7 to 9.6).
The insignificance of the effects of these incident adventitious dose components indicates
that this beam is well-suited for use with advanced boron delivery agents having large
tumor to normal tissue concentration ratios as well as current compounds with lower
uptake ratios such as BPA-f.
Table 5.23 Advantage parameters for the "final" beam design with certain dose
components eliminated to illustrate the insignificance of the incident
nonselective dose components.
380
Scenario AD ADDR AR
cm RBE cGy/min
Normal Dose 9.5 435 4.9
No NT Boron Dose 11.2 225 8.7
No NT Boron Dose 11.3 216 9.1
No Fast Neutron Dose
No NT Boron Dose 11.2 216 9.2
No Incident Photon Dose
No NT Boron Dose
No Fast Neutron Dose 11.3 207 9.6
No Incident Photon Dose
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Dose profiles for a bilateral irradiation of an ellipsoidal head phantom have been
calculated for this "final" beam design using the assumptions of boron uptake and RBE's
described above and are shown in Figure 5.45. The doses are normalized to a normal
tissue tolerance dose of 1000 RBE cGy. The figure shows the normal tissue dose that
would result with zero boron in normal tissue. The advantage ratio with 11.4 ppm 'lB in
normal tissue is 4.7; with zero boron in normal tissue, the advantage ratio is 8.0.
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Figure 5.42 RBE Dose rate profiles calculated for unilateral irradiation of an
ellipsoidal head phantom using the "final" fission converter beam design.
Boron uptake is 40 ppm 10B in tumor with a 3.5:1 tumor to normal tissue
concentration ratio. The RBE's used are as follows: Neutrons 3.2,
Photons 1.0, Tumor Boron 3.8, Normal Tissue Boron, 1.35.
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Figure 5.43
Depth in Ellipsoidal Head Phantom [cm]
RBE Dose rate profiles measured for unilateral irradiation of an ellipsoidal
head phantom with the MIT M67 epithermal neutron beam. Boron uptake
is assumed at 40 ppm 10B in tumor with a 3.5:1 tumor to normal tissue
concentration ratio. The RBE's used are as follows: Neutrons 3.2,
Photons 1.0, Tumor Boron 3.8, Normal Tissue Boron, 1.35. Data is from
the January 1995 characterization of the M67 beam.33
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Figure 5.44 RBE Dose rate profiles calculated for unilateral irradiation of an
ellipsoidal head phantom using the "final" fission converter beam design
with no boron in normal tissue to emulate an advanced, highly selective
boron delivery agent. Boron uptake is 40 ppm 1'% in tumor. The RBE's
used are as follows: Neutrons 3.2, Photons 1.0, Tumor Boron 3.8, Normal
Tissue Boron, 1.35.
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Figure 5.45 RBE Dose profiles calculated for bilateral irradiation of an ellipsoidal head
phantom using the "final" beam design. The doses are normalized to a
normal tissue tolerance dose of 1000 RBE cGy. Boron uptake is 40 ppm
10B in tumor with a 3.5:1 tumor to normal tissue concentration ratio. The
RBE's used are as follows: Neutrons 3.2, Photons 1..0, Tumor Boron 3.8,
Normal Tissue Boron, 1.35.
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5.9 Conclusions
Analysis of numerous resonance scattering materials including Al, S, AlF3, A12S3,
A1203, D20, and Ti for use in the filter/moderator lead to the selection of a design
comprised of a 68 cm length of a homogenous mixture of 70% AlF3 /30% Al followed by
a 2 cm thick layer of titanium. Of all the materials analyzed, mixtures of AlF3 and Al
provide the best neutronic performance with good beam quality (i.e., low fast neutron
contamination) and high intensity.
Parametric analysis of the photon shield showed that an 8 cm thick layer of
bismuth can provide adequate reduction of the specific photon dose at the patient position
(to 1.0 x 10-"11 cGy cm2/n, which is half the design goal of 2.0 x 10-11 cGy cm2/n) without
an undesirably large loss of epithermal intensity. Analysis of the origin of the photon
dose revealed that the largest contributors to the photon dose at the patient position are
the cadmium thermal neutron filter (29%), the titanium layer in the filter/moderator
(21%), and the AlF3/Al of the filter moderator (26%). The contribution to the photon
dose at the patient position from prompt and delayed fission gamma's was found to be
negligibly small.
Examination of several collimator lining materials determined that a 15 cm thick
lead collimator liner will reduce lateral neutron leakage, increasing epithermal flux at the
patient position while contributing only a small fraction of the photon dose at the patient
position. With such a design, -75% of the flux reaching the patient position is due to
neutron interactions in the collimator lining. Because these neutrons scattered in the
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collimator lining travel at large angles relative to the beam axis, the current to flux ratio is
reduced (i.e., collimation is worsened). A pyramidal collimator design (of rectangular
cross section, like a pyramid with a truncated top) was selected because it provides
maximal intensity. Although the current to flux ratio calculated for this collimator
design, at 0.66, is somewhat less than the suggested goal of 0.8, this does not prevent
excellent beam performance.
Optimization of the reflector surrounding the filter/moderator indicated that the
reflector, by reducing transverse leakage out of the filter/moderator, can increase
epithermal flux at the patient position by as much as 50%. The reflector interestingly has
a positive impact on collimation.
These optimizations have lead to a design that surpasses its design goals of high
intensity (0(epi 2 1.0 x 1010 n/cm2s) and low fast neutron and photon contamination
(Dfn/Iepi 5 2.0 x 10-11 cGy cm2/n and DV/Oepi 5 2.0 x 10-1 cGy cm2/n). In the "final"t
beam design, an epithermal flux of 1.32 x 1010 n/cm2s was obtained with specific fast
neutron and photon doses of 1.3 x 1011" cGy cm2/n and 1.2 x 10-" cGy cm2/n,
respectively. Using fresh rather than spent fuel increases epithermal flux by -30% to
1.7 x 1010 n/cm2s while not significantly affecting the neutron spectrum and DfAn/epi.
This epithermal neutron beam which has good in-air performance also has
excellent performance in-phantom. Dose profiles calculated in an ellipsoidal head
phantom for unilateral irradiations with the fission converter beam illustrate its superior
performance. With reasonable assumptions for boron uptake of 40 ppm in tumor with a
t The "final" beam design uses the trapezoidal double walled fission converter design with D20 cooling and
spent fuel (312 g 23U per element). The "standard" 68 cm 70% AIF3/30% Al + 2 cm Ti filter is
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3.5:1 uptake ratio and RBE's of 3.2 for neutrons, 1.0 for photons, 3.8 for 10B in tumor and
1.35 for 10B in normal tissue, deep effective penetration and high therapeutic ratios are
achieved. Under these reasonable assumptions, excellent advantage parameters
(advantage depth of 9.5 cm, advantage ratio of 4.9, and advantage depth dose rate of 435
cGy/min) are realized. A healthy tissue tolerance dose of 1000 RBE cGy could be
delivered in as little as 2.3 minutes. Dose profiles calculated for a bilateral irradiation
with the fission converter beam under similar assumptions of boron uptake and RBE's
yield an advantage ratio of 4.7. With zero boron in normal tissue, the advantage ratio
increases to 8.0.
The high dose rate, high therapeutic ratio, and deep effective beam penetration
make this design suitable for use in a high throughput patient treatment facility. If
clinical application of BNCT proves successful, the fission converter-based epithermal
neutron beam will be a very powerful tool in cancer therapy.
388
surrounded by a 10 cm thick lead reflector and is followed by an 8 cm thick bismuth photon shield. A
pyramidal collimator lined with 15 cm layers of lead directs neutrons to the patient position.
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CHAPTER SIX
Summary, Conclusions,
and Recommendations
for Future Work
6.0 Introduction
In this concluding chapter, the work presented in this thesis is briefly reviewed.
The motivation for the thesis and the computational methods used in it will be briefly
described. Results of design analyses and optimization of the fission converter beam will
be summarized and conclusions regarding beam performance will be discussed. Finally,
the thesis concludes with recommendations for future analysis and improvement of the
fission converter beam design.
6.1 Summary and Conclusions
This thesis has described the neutronic design of an epithermal neutron beam,
based on the fission converter concept, which will be installed in the thermal column and
hohlraum of the MITR-II research reactor and used for neutron capture therapy. The
epithermal beam has been designed with characteristics suitable for routine therapeutic
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use in a high throughput patient treatment facility. Its intensity is sufficiently high (epi >
1.0 x 1010 n/cm2s) that irradiations will require only a few minutes to deliver and will be
short compared to patient setup time for therapy. The fast neutron and photon
contamination in the epithermal beam are small compared to the irreducible dose due to
hydrogen capture gamma's and the 14N(n,p)14 C reaction (i.e., D/4epi < 2.0 x 10 "11 cGy
cm2/n) in the patient so that beam contamination does not adversely affect performance.
A methodology was developed for efficient Monte Carlo simulation of the fission
converter beam driven by the MCNP model of the MITR-II reactor core. Energy
independent weight windows were used to enhance transport of neutrons in a criticality
calculation of the MITR-II core from the core to the edge of the graphite reflector (near
the thermal column) where a surface source file was written. In subsequent calculations,
particles in the surface source were transported from the edge of the graphite window to
the converter, where fission occurs, and on through the beam to the patient position. This
fixed-source calculation is carried out in a model containing only the fission converter
beam and an albedo for the MITR-II core rather than the entire core model. Comparison
of fission converter power calculations using this surface source approach with criticality
calculations of the coupled core-converter system found a discrepancy of only 2-4%,
demonstrating the validity of this approach. Because attenuation varies rapidly with
neutron energy because of resonance scattering materials in the beam, energy dependent
weight windows were used to obtain efficient transport of all neutron energies through the
model, resulting in good statistics on fast, epithermal, and thermal neutrons throughout
the beam model. Calculation of dose profiles in a target, e.g., an ellipsoidal head
phantom, is accomplished by writing neutron and photon surface source files at the
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patient position and sampling these sources multiple times to obtain low statistical error
for tallies in the target.
The validity of using the Monte Carlo model of MITR-II as a basis for fission
converter beam design calculations was established by comparison of simulation results
with experiment. Since the core and medical beam regions of the model were already
well validated, it was necessary only to examine the accuracy of the model in the thermal
column region. Specifically, simulations were compared with gold foil activation
measurements of the neutron flux in the horizontal throughports 4TH1-3 and 4TH2-4, on
the aluminum gas box where the converter fuel will be located, and in thermal column
vertical port 12CV1. Because the contents of the 14 inch window (which will be
removed during installation of the beam) are unknown, each measurement was compared
to three MCNP simulations, one with the 14 inch window empty, one with the window
filled with graphite, and one with the window filled with lead. For all of the locations in
the thermal column, the fluxes calculated with the window empty were significantly
higher and more strongly peaked than the measurements and results for the other two
calculations. Calculations done with graphite and lead showed reasonable agreement
with experiment, and support the hypothesis that either graphite or lead blocks fill the 14
inch window.
Using Monte Carlo simulation to study and optimize the fission converter beam
design allowed great flexibility in the analysis; many studies would have been difficult to
carry out with a deterministic transport method. Analysis of the fission converter with
these methods has lead to an optimal design in which the 11 MITR-II fuel elements of the
converter are contained in a tall double-walled trapezoidal aluminum tank located in the
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vertical duct of the thermal column which houses the main coolant pipes. The thin front
walls (both 0.635 cm thick) minimize attenuation of the incident thermal neutrons. The
thick rear walls of the tank (2.54 cm inner and 0.635 cm outer) and a central cross-tie give
the tank stiffness so that minimal bowing results from hydrostatic pressure. The
aluminum of the thick rear tank walls simply acts as an extension of the filter/moderator
and is not detrimental to beam performance. The trapezoidal shape of the tank fills the
space between the main coolant pipes well, reducing radiation streaming in the thermal
column vertical duct. The double walls of the tank will prevent loss of coolant accidents.
As expected, fuel loading and coolant were found to significantly affect beam
performance. For both D20 and H20 cooling, power varies linearly with fuel loading.
With D20 cooling, fission converter power ranges from 78.1 kW with spent fuel (312 g
235U per element) to 102.9 kW with fresh fuel (510 g 235U per element), with 5.0 MW
reactor power in every case. With H20 cooling, the fission converter power is somewhat
higher, ranging from 83.1 kW with spent fuel to 124.9 kW with fresh fuel. Epithermal
flux at the patient position also varies linearly with fuel loading, but is greater with D20
cooling than H20 cooling, despite the lower power generated in the D20 cooled systems.
In D20 cooled systems, the epithermal flux at the patient position varies from 1.3 x 1010
n/cm2s with spent fuel to 1.7 x 1010 n/cm2s with fresh fuel, for the "final" optimized
filter/moderator and collimator. The epithermal flux produced by H20 cooled systems is
substantially lower, varying from 8.5 x 109 n/cm2s with spent fuel to 1.3 x 1010 n/cm 2s
with fresh fuel. This variation of epithermal neutron flux with coolant is best
characterized by the epithermal flux per unit power, which at 1.65 x 108 n/cm2kJ for D20
cooling, is 60% higher than the value for H20 cooling, 1.03 x 108 n/cm2kJ. In addition to
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the advantage of higher beam intensity, D20 cooling provides a better quality beam; i.e.,
with D20 cooling the specific fast neutron dose at the patient position is 1.29 x 10"11 cGy
cm2/n while with H20 cooling the specific fast neutron dose is 1.76 x 10-1 cGy cm2 /n
(36% higher than for D20 cooling). D20 provides better neutronic performance than H20
cooling because H20 overmoderates useful portions of the neutron spectrum.
Although it provides superior neutronic performance, D20 coolant has a few
disadvantages, namely its high cost of -$100/kg and the fact that tritium production and
degradation by atmospheric moisture would require a D20 cooling system to be closed.
Because the enhanced performance achieved with D20 appears to offset its associated
engineering difficulties, it is recommended that a D20 cooling system be used in the
fission converter.
The eigenvalue of the converter itself is quite low, ranging from 0.268 for spent
fuel with D20 cooling to a maximum of 0.618 for fresh fuel with H1120 cooling. Although
these configurations are extremely subcritical, their effect on the core is not negligible.
The reactivity insertion due to the fission converter calculated for fresh fuel with H20
cooling, which produces the maximum effect, is 0.3%+0.2% (Ak/k). This seemingly
small effect is over the 0.2% reactivity insertion limit for moveable experiments in
MITR-II. One should note, however, that the uncertainty in this value is very large and
also that other configurations (i.e., D20 and spent fuel) result in lower reactivity
insertions. The reactivity insertion associated with a fission converter using D20 coolant
and spent fuel is undetectable (-0.06%±0.2%).
In a simulation of the beam with a 0.0508 cm thick cadmium curtain positioned in
front of the fission converter, fission power was reduced to 0.7% of its full power value.
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In this condition, the fast neutron dose rate at the patient position is reduced to 0.13
cGy/min; this represents a substantial shut-down hazard and requires an intervening
shutter that will be located in the collimator. The effect of removing graphite from the
reflector to expand the 14 inch window and increase the area of the fission converter
illuminated by the core was also investigated. This modification, although extremely
difficult to implement, could result in a 91% increase in power and an 80% increase in
epithermal flux at the patient position.
Analysis of numerous resonance scattering materials including Al, S, AlF3, A12S3,
A1203, D20, and Ti for use in the filter/moderator led to the selection of a design
comprised of a 68 cm length of a homogenous mixture of 70% AlF 3/30% Al followed by
a 2 cm thick layer of titanium. Of all the materials analyzed, mixtures of AlF3 and Al
provide the best neutronic performance with good beam quality (i.e., low fast neutron
contamination) and high intensity.
Parametric analysis of the photon shield has shown that an 8 cm thick layer of
bismuth can provide adequate reduction of the specific photon dose at the patient position
(to 1.0 x 10-11 cGy cm2/n, which is half the design goal of 2.0 x 10"1 cGy cm2/n) without
an undesirably large loss of epithermal intensity. Analysis of the origin of the photon
dose revealed that the largest contributors to the photon dose at the patient position are
the cadmium thermal neutron filter (29%), the titanium layer in the filter/moderator
(21%), and the AlF3/Al of the filter moderator (26%). Both the titanium and cadmium
are located on to the reactor core side of the bismuth photon shield. The contribution to
the photon dose at the patient position from prompt and delayed fission gamma's was
found to be negligibly small.
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Examination of several collimator lining materials determined that a 15 cm thick
lead collimator liner will reduce lateral neutron leakage, increasing epithermal flux at the
patient position while contributing only a small fraction of the photon dose at the patient
position. With such a design, -75% of the flux reaching the patient position is due to
neutron interactions in the collimator lining. Because these neutrons scattered in the
collimator lining travel at large angles relative to the beam axis, the current to flux ratio is
reduced (i.e., collimation is worsened). A pyramidal collimator design (of rectangular
cross section, like a pyramid with a truncated top) was selected because it provides
maximal intensity. Although the current to flux ratio calculated for this collimator
design, at 0.66, is somewhat less than the suggested goal of 0.8, this does not prevent
excellent beam performance.
Optimization of the reflector surrounding the filter/moderator indicated that the
reflector, by reducing transverse leakage out of the filter/moderator, can increase
epithermal flux at the patient position by as much as 50%. The reflector interestingly has
a positive impact on collimation.
These optimizations have lead to a design that surpasses its design goals of high
intensity (4 epi > 1.0 x 1010 n/cm2s) and low fast neutron and photon contamination
(DfnIrepi 5 2.0 x 10-"11 cGy cm 2/n and D./4epi 5 2.0 x 10-11 cGy cm2/n). In the "final"t
beam design, an epithermal flux of 1.32 x 1010 n/cm2s was obtained with specific fast
neutron and photon doses of 1.3 x 10-11 cGy cm2/n and 1.2 x 10.11 cGy cm2/n,
t The "final" beam design uses the trapezoidal double walled fission converter design with D20 cooling and
spent fuel (312 g 235U per element). The "standard" 68 cm 70% AIF3/30% Al + 2 cm Ti filter is
surrounded by a 10 cm thick lead reflector and is followed by a 0. 4 mm thick cadmium thermal neutron
filter and an 8 cm thick bismuth photon shield. A pyramidal collimator lined with 15 cm layers of lead
directs neutrons to the patient position.
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respectively, with spent MITR-II fuel elements and operation at 5.0 MW reactor power.
Using fresh rather than spent fuel increases epithermal flux by -30% to 1.7 x 1010 n/cm2s
while not significantly affecting the neutron spectrum and Dfn/epi.
This epithermal neutron beam which has good in-air performance also has
excellent performance in-phantom. Dose profiles calculated in an ellipsoidal head
phantom for unilateral irradiations with the fission converter beam illustrate its superior
performance. With reasonable assumptions for boron uptake of 40 ppm in tumor with a
3.5:1 uptake ratio and RBE's of 3.2 for neutrons, 1.0 for photons, 3.8 for 10B in tumor and
1.35 for 10B in normal tissue, deep effective penetration and high therapeutic ratios are
achieved. Under these reasonable assumptions, excellent advantage parameters
(advantage depth of 9.5 cm, advantage ratio of 4.9, and advantage depth dose rate of 435
cGy/min) are realized. A healthy tissue tolerance dose of 1000 RBE cGy could be
delivered in as little as 2.3 minutes. Dose profiles calculated for a bilateral irradiation
with the fission converter beam under similar assumptions of boron uptake and RBE's
yield an advantage ratio of 4.7. With zero boron in normal tissue, the advantage ratio is
8.0.
The high dose rate, high therapeutic ratio, and deep effective beam penetration
make the fission converter beam which has been designed in this research suitable for use
in a high throughput patient treatment facility. The superior performance of this beam
design represents a major improvement over existing and planned epithermal neutron
beams.' The MITR-II based fission converter epithermal neutron beam would be a very
powerful tool in clinical trials of BNCT and in routine cancer therapy.
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6.2 Recommendations for Future Work
Finally, a number of aspects of the beam design could benefit from further
consideration and analysis. Although most of the issues described here relate only to
optimization of the beam design, a few issues that may significantly affect the design or
its licensing and construction require attention.
* The use of low quality D20 (i.e., 90% D20/10% H20) as the fission converter
coolant should be investigated. Since the coolant inventory is expected to be
substantial, use of low quality (low cost) D20 could represent a large capital
savings.
* The effect of fuel element spacing in the fission converter should be analyzed.
Preliminary results indicate that increasing the gap (and hence moderator
concentration) between fuel elements may significantly increase power
production by raising keff. However, spreading the fuel elements would
increase leakage and would reduce the effective area directly illuminated by
the 14 inch window through the graphite reflector, opposing the desired power
increase.
* In conjunction with investigation of fuel element spacing, the effect of
decreasing the number of fuel elements should also be studied.
* Improved shutter designs resulting in lower shut-down power of the fission
converter should be considered. Using a boral shutter may reduce the neutron
flux transmitted through the shutter because, unlike cadmium, boron is a 1/v
absorber and will absorb significantly above the cadmium cutoff. Using a
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thicker cadmium sheet or hydrogenous material in front of the thermal neutron
absorber might also be beneficial.
" The reactivity insertion (Ak/k) due to the fission converter must be calculated
more accurately. Although the present result equals the MITR-II limit for
moveable experiments of 0.2%, the relative uncertainty in this value is nearly
unity. Specifically, eigenvalues for the coupled core-converter model should
be calculated using fresh fuel in the fission converter with the cadmium
curtain lowered and raised. The uncertainty in the difference between the
eigenvalues should be made low by running many kcode cycles (i.e., several
hundred). Alternatively, the perturbation theory feature available in the new
version of MCNP, MCNP4B, which is now in beta-test release, could be used
for this analysis.
* If the amount of bowing in the fission converter tank estimated by finite
element analysis is significant, the effect of increased coolant thickness around
the fission converter should be analyzed.
* Additional filter materials should be considered in future studies. In
particular, filter designs using Al and A1203 should be examined in case the
current design (AlF3/Al) is determined to have poor material properties.
Investigating filters composed of combinations of materials selected to
complement gaps in fast neutron cross sections may also be beneficial. In
addition, the chemical and physical properties of AlF 3 must be better
understood if it is to be used in the filter/moderator.
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* Heat generation in the beam assembly should be calculated to determine
whether temperatures of beam components will be significantly elevated
above room temperature.
* The optimal width and height of the filter/moderator (i.e., cross sectional area
of the beam) should be determined since this has a significant impact on beam
quality and intensity. In conjunction with analysis of the filter/moderator
cross section, use of lead or nickel reflectors thicker than 10 cm should be
evaluated.
* Elimination of the titanium and cadmium and use of an alternative thermal
neutron absorber such as 6Li should be considered so that the thickness of the
bismuth photon shield could be reduced. Relocation of the cadmium filter
into the epithermal filter/moderator should be studied as well.
* The effect of impurities and their activation on beam performance should be
investigated. These effects should be considered especially in the lead,
bismuth, and nickel of the collimator liner, photon shield, and reflector
surrounding the filter/moderator. Other unmodeled photon contamination
such as that resulting from activation of major components (e.g., 28A1) should
be examined.
* Use of a photon shield composed of lead rather than bismuth should be
considered if activation of the lead and its associated impurities is low enough.
Although its impurities tend to generate greater activity, lead is considerably
less expensive than bismuth (and nickel). Experience with lead and bismuth
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gained in the development of the MIT M67 beam could be valuable for this
analysis.2,3
* Photon dose calculations already completed should be carefully reviewed and
additional calculations should be performed if needed to add more certainty to
the current results.
* The collimator design should be improved so that greater beam directionality
is achieved, resulting in improved beam performance. To ensure that
improved collimation provides real and substantial benefit, beam performance
should be measured by the usual in-air figures of merit as well as by in-
phantom figures of merit such as the advantage depth. Different targets, e.g.,
brain, lungs, and extremities, should be considered in judging beam quality.
* In the optimization of the collimator, consideration should be given to the
optimal beam size. A beam delimiter and a fast-acting shutter should be
incorporated into the collimator design and the effectiveness of the shutter
should be verified.
* Shielding should be designed for both the reactor top above the converter tank
and the medical irradiation room. In particular, shielding at the patient
position should be improved to reduce the high photon dose outside the target
area by replacing the last few cm of the high density concrete shielding with a
high Z material such as lead.
* A cost schedule for construction and installation of the fission converter beam
should be developed so that funding can be solicited for implementation of the
design.
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APPENDIX A
Relevant Cross Sections and
Dose Factors
A.0 Introduction
This appendix is meant to provide a convenient reference for up-to-date nuclear
cross section data relevant to this thesis. Thermal, epithermal, and fast cross sections
from many nuclides of interest are listed in section A. 1, which includes a brief description
of the spectral averaging method used to calculate the average epithermal and fast cross
sections. Continuous energy cross sections from MCNP1 of many relevant nuclides are
plotted in section A.2. These data are derived from ENDF/B-V. In addition to the cross
sections, kerma factors used in this work are presented in section A.3. Finally, the
FORTRAN computer code used for averaging and printing the continuous energy cross
section data from MCNP in an easily readable format, XSAvg.For, is listed in section A.4
at the end of this appendix.
A.1 Average Cross Sections
Because the cross sections of many nuclides of interest in this work vary rapidly
in the fast and epithermal energy ranges, it is difficult to ascertain an average or
407
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representative value for the cross section from visual inspection. Also, comparison of
cross sections of different nuclides at single energy points is not particularly meaningful
because of the wild behavior of most cross sections in the fast and upper epithermal
energy ranges. Therefore, to compare resonance cross sections effectively, a numerical
averaging process is necessary. A cross section averaging scheme was developed and
applied using the spectrum of the fission converter beam. The process is outlined below;
details may be found in the FORTRAN code, XSAvg.For, which is listed in section A.4.
An analytical formulation for the spectrum incident on the filter/moderator
(calculated with D20 cooling and burned fuel) was obtained by fitting a tenth order
polynomial in In(E) to the natural logarithm of the spectrum calculated via Monte Carlo.
The resulting spectrum function is an exponential of a tenth order polynomial in In(E):
y(E) = exp bI In A.1
The analytical spectrum function is plotted with the original Monte Carlo data in Figure
A.1. Except in the vicinity of the strong aluminum resonances, excellent agreement is
obtained between the analytical function and the Monte Carlo data. Other more physical
functional forms such as a 1/E spectrum coupled to a Watt fission spectrum were
considered, but were discarded in favor of this polynomial fit due to difficulty in correctly
joining the functions. One should realize that since the purpose of this calculation is not
to compute cross sections for use in transport calculations, but rather to compare the
effectiveness of different nuclides as neutron filters, this simple approach to cross section
averaging is completely valid.
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Figure A. 1 Analytical (logarithmic polynomial) fit to the partial neutron current
spectrum incident on the filter/moderator calculated via Monte Carlo.
The product of the spectrum function (evaluated on the energy grid of the cross
section data) and the cross section were integrated numerically over the appropriate
energy range and divided by the integral of the spectrum function over the same energy
range to yield the spectrally averaged cross section:
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E2 a(E)V(E)dE
F= ' A.2
fEV(E)dE
Numerical integration of the product of the cross section and spectrum function
was accomplished using a combination of the trapezoidal rule, Simpson's 1/3 rule, and
Simpson's 3/8 rule (where appropriate). Use of the higher order integration methods
improved accuracy. The algorithm was based on pseudocode found in Reference 2. The
integral of the spectrum function was calculated in Mathcad to obtain high accuracy.
Despite the use of more accurate integration methods, there was concern that the cross
section energy grid might not be fine enough for the integral of the product of the cross
section and spectrum function to converge. To ensure convergence of this integral, the
integral of the of the spectrum function was calculated and compared with that calculated
in Mathcad. For most nuclides, the relative error of the integral of the spectrum function
ranged from 10-3 to 105, providing confidence in this method. Additional tests were
performed during development to ensure correct implementation.
Operation of the code is very simple. The program queries the user for a ZAID
(isotope) and an output file name and then writes to the output file epithermal and fast
average cross sections and continuous energy cross sections for the total, absorption, and
elastic scattering reactions. The epithermal energy range is defined to be 1 eV to 10 keV
while the fast energy range is 10 keV to 5 MeV. The code should be executed from the
directory containing the XSDIR file (cross section directory). One should note that the
XSAvg code can read only Type 1 (ASCII) ACE format cross sections, not Type 2
(binary) cross sections.
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Results of these calculations and other neutronic and slowing down properties for
materials considered for use in the fission converter beam are listed below in Table A.1.
Molecular density, average atomic mass (m), average logarithmic energy decrement (4),
average number of elastic collisions to downscatter from 2 MeV to 10 keV are listed as
well as thermal, epithermal, and fast cross sections. The thermal cross sections are taken
at 2200 m/s while the epithermal and fast cross sections are averages over the respective
energy ranges of the MCNP continuous energy cross section data.
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Table A. 1 Neutronic properties of materials considered for use in the fission
converter beam design. Thermal (2200 m/s) cross sections are from
Reference 3; others are derived from data in Reference 1.
Avg. No. of Elastic Thermal (0.025 eV) Epi. Fast
Material Molecular m Collisions from oa Us ot ot at
Density 2 MeV to 10 keV
#/b cm amiu collisions b b b b b
Moderators
H 1 1 5.3 0.33 38 38 19.8 3.51
D 2 0.725 7.3 0.00046 7 7 3.38 2.44
H20 0.0334 0.920 5.8 0.66 103 103 43.2 9.54
D20 0.0333 0.509 10.4 0.001 13.6 13.6 10.5 7.40
Resonance Scatterers
Al 0.0603 27 0.072 73.3 0.241 1.4 1.64 1.55 3.04
O 16 0.120 44.2 0.0004 4.2 4.2 3.74 2.52
F 19 0.102 52.1 0.001 3.9 3.90 3.63 3.25
AlF3  0.0207 0.244 13.1 13.3 12.4 12.8
A1203  0.0234 0.483 15.4 15.9 14.3 13.6
Ti 0.0566 47.9 0.041 128.6 5.8 4 9.8 13.3 3.55
D2Ti 0.0455 5.8 18 23.8 20.0 8.43
TiF4  0.0136 5.8 19.6 25.4 27.8 16.6
S 0.0389 32 0.061 86.5 0.52 1.1 1.62 1.09 2.80
A12S 3  0.0081 2.04 6.1 8.14 6.38 14.5
Reflector and Photon Shield Materials
Ni 0.0915 4.6 17.5 22.1 16.3 3.54
Bi 0.0281 209 0.010 555.4 0.034 9 9 11.8 6.83
Pb 0.0330 207.2 0.010 550.7 0.170 11 11.2 11.3 6.70
PbF 2  0.0202 0.172 18.8 19 18.5 13.2
C 0.0802 6 0.299 17.7 0.004 4.8 4.80 4.71 2.26
Thermal Neutron Absorbers
Cd 0.0463 112.4 0.018 299.6 2450 7 2457 7.13 5.31
Li 6.93 0.26 20.16 71 1.4 72.4 1.21 1.91
6Li2CO3  0.0176 1875 18.9 1894 22.3 13.6
6Li 6 0.299 17.7 937 0.77 938 3.19 1.86
B 10.8 0.174 30.4 755 4 759 6.40 2.21
_ _B 10 0.187 28.3 3843 2.1 3845 12.0 2.40
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A.2 Continuous Energy Cross Sections
Cross section data for the following 14 nuclides are taken from the MCNP code
package (version 4A) and are derived from ENDF/B-V data. ZAID's identifying the
particular evaluation are given in the upper right hand corner of each graph.
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Figure A.2 Microscopic neutron cross sections for 1H from MCNP.
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2D (1002.55c)
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Microscopic neutron cross sections for 2D from MCNP.
414
102
101
100
10-1 -
10-2
10-3 -
P-"
, ,mm,"1 mIm,1 I ,II rI 11111111" I Im 111111 I 1111  "1111 r111 11111 ' "11 11 1 1 ""1 ;"11111i11
.., ....... .... .  . ....... ,.. . .. .
Total
Elastic
. . ........ ...... .~ .z. ... ........ .... .....
Absorption:' i ""' "  " '" ""  ' '" "" " "" '"10-410-5 -
10-6
Figure A.3
I
Appendix A: Relevant Cross Sections and Dose Factors
1 A5
104 -
103 -
102 -
101 -
100 -
10-1 -
10-2 -
6Li (3006.50c)
I I I I -- ' l I I " ' I "T
10-s 10-4 10-3 10-2 10-1 100 10' 102 103 104 105  106 107
Neutron Energy [eV]
Figure A.4 Microscopic neutron cross sections for 6Li from MCNP.
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Figure A.5 Microscopic neutron cross sections for 10B from MCNP.
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Figure A.6 Microscopic neutron cross sections for C from MCNP.
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Figure A.7 Microscopic neutron cross sections for 160 from MCNP.
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Figure A.8 Microscopic neutron cross sections for 160 from MCNP in the energy
range 1 keV to 10 MeV.
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Neutron Energy [eV]
Microscopic neutron cross sections for '9F from MCNP.
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Figure A.10 Microscopic neutron cross sections for '9F from MCNP in the energy
range 1 keV to 10 MeV.
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Figure A. 11 Microscopic neutron cross sections for 27A1 from MCNP.
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Figure A.12 Microscopic neutron cross sections for 27Al from MCNP in the energy
range 1 keV to 10 MeV.
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Figure A.13 Microscopic neutron cross sections for 32S from MCNP.
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Figure A.14 Microscopic neutron cross sections for 32S from MCNP in the energy
range 1 keV to 10 MeV.
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Figure A.15 Microscopic neutron cross sections for Ti from MCNP.
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Figure A. 16 Microscopic neutron cross sections for Ti from MCNP in the energy range
1 keV to 10 MeV.
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Figure A.17 Microscopic neutron cross sections for Ni from MCNP.
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Figure A.18 Microscopic neutron cross sections for Ni from MCNP in the energy range
1 keV to 10 MeV.
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Figure A.19 Microscopic neutron cross sections for Cd from MCNP.
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Figure A.20 Microscopic neutron cross sections for Cd from MCNP in the energy
range 1 keV to 10 MeV.
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Figure A.21 Microscopic neutron cross sections for Pb from MCNP.
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Microscopic neutron cross sections for Pb from MCNP in the energy range
1 keV to 10 MeV.
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Figure A.23 Microscopic neutron cross sections for 209Bi from MCNP.
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Figure A.24 Microscopic neutron cross sections for 209Bi from MCNP in the energy
range 1 keV to 10MeV.
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A.3 Kerma Factors
The kerma factors plotted below, which were used in the present work, are those
used in treatment planning for BNCT irradiations of human subjects under the joint New
England Deaconess Hospital/MIT BNCT Project.4
10-4
10-5
ci
_. _0
U5
10-6
10-7
10-8
10-9 I I I I I I I I I I I
10-4 10-3 10-2 10-1 100 101 102 103 104 105 106 107
Neutron Energy [eV]
Figure A.25 Kerma factor for the '0B(n,cc) 7Li reaction.
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Figure A.26 Neutron kerma factors for bone, brain, and (ICRU) muscle tissue.
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Figure A.27 Photon kerma factors for bone, brain, and (ICRU) muscle tissue.
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A.4 XSAvg.For Program Listing
c
program XSAvg
c This program reads ACE format cross sections and prints total,
c absorption, and elastic cross sections as a function of energy
c in addition to spectrally averaged fast and epithermal
c cross sections.
c
c Original version (elrd.f) by Everett Redmond, II
c Cross section averaging added by Stead Kiger
c April 14, 1996
c
c The subroutines that read the cross section file were taken
c from rmgxs.f, one of the MCNP4A modules.
c
integer nes,ne,locb,lc(6000),imin,imid,imax
parameter (nesl=12500)
real e(nesl),sigel(nesl),ee(6000),p(6000,33),sigt(nesl),
+ siga(nesl),spec(nesl),prod(nesl),emin,emid,emax,tepi,
+ tfast,aepi,afast,elepi,elfast,spepi,spfast,spepic,
+ spfastc,intuneq
character outp*10
crmgxs
character hline*80,hzaid*10,hz*10,htape*10
common /xsdata/ nver3(5),aw(0:16),iz(0:16),nxs(16),jxs(32),
* xss(180000)
data iout,nparts/6,0/
crmgxs
100 format('What is the output file name (10 char max)')
110 format(' ZAID = ',al0,//)
115 format(' Number of energies ',i6,/)
120 format(2x,'Energy',7x,2x,'Total',8x,2x,'Absorption',3x,2x,
$ 'Elastic',/)
130 format(4(ipe13.5,2x))
140 format(/,' Number of energies for angular distribution ',i6,/)
150 format('Energy',7x,2x,'Angular data',/)
160 format(lpel3.5)
170 format(13x,2x,lpel3.5)
180 format(13x,2x,'isotropic')
190 format(' Average Cross Sections',/)
200 format(2x,a5,8x,3(lpel3.5,2x))
210 format(//,' Point-wise Continuous Cross Sections',/)
220 format(/,2x,
+ '(Epithermal = 1.0 eV to 10 keV; Fast = 10 keV to 5 MeV)')
crmgxs
c
c Read zaid from input file
c
write(6,*) 'Helpl'
call readinp(hzaid,ione)
c
c Read xsdir to find name of cross section file
c
call readxsdir(hzaid,ione,htape,nver3)
c
c Read cross section file
c
call readxsfile(htape,hz)
c
crmgxs
c simple checking
if(nxs(1).gt.180000)then
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write(6,*)' XSS dimensioned too small'
write(6,*)' NXS(1) = ',nxs(l)
endif
if(nxs(3).gt.nesl)then
write(6,*)' E array and others dimensioned too small'
write(6,*)' NXS(3) = ',nxs(3)
endif
nes=nxs(3)
locb=xss(jxs(8))
c
c load energy grid and cross sections
do 10 i=l,nes
e(i)=xss(jxs () +i-l)
sigt(i)=xss(jxs () +nes+i-l)
siga(i)=xss(jxs(l)+2*nes+i-l)
sigel(i)=xss(jxs(l)+3*nes+i-l)
c sigt(i)=l.0e0
c siga(i)=l.0e0
c sigel(i)=1.0e0
10 continue
do i=l,nesl
prod(i)=0.0
end do
write (6,*) 'cross sections loaded'
c
c calculate neutron spectrum on the energy grid
call spectrum(e,spec,nesl,nes)
write (6,*) 'spectrum calculated'
c
c determine indices for relevant energies
emin = l.e-6
emid = 10.e-3
emax = 5.0e0
do i=l,nes
if ((e(i).le.emin) .and. (e(i+l).ge.emin)) imin = i
if ((e(i).le.emid) .and. (e(i+l).ge.emid)) imid = i
if ((e(i).le.emax) .and. (e(i+l).ge.emax)) imax = i
end do
write (6,*) 'indices determined'
write (6,*) 'imin = ',imin, e(imin),spec(imin)
write (6,*) 'imid = ',imid, e(imid),spec(imid)
write (6,*) 'imax = ',imax, e(imax),spec(imax)
write (6,*)
c
spepi=8.900353e8
spfast=9.298672ell
c
spfastc=intuneq(e,spec,nesl,imid,imax)
spepic=intuneq(e,spec,nesl,imin,imid)
write(6,*) 'fast spectrum integral',spfastc,
+ (spfastc-spfast)/spfast
write(6,*) 'epi spectrum integral',spepic,
+ (spepic-spepi)/spepi
write (6,*)
c
c calculate spectral averaged cross section
call XSAvg(e,spec,sigt, prod,nesl,imin,imid,imax,tepi, tfast)
call XSAvg(e,spec,siga, prod,nesl,imin,imid,imax,aepi, afast)
call XSAvg(e,spec,sigel,prod,nesl,imin,imid,imax,elepi,elfast)
write(6,*) tepi,tfast
write(6,*) aepi,afast
write(6,*) elepi,elfast
c
c Test spectrum and integration routines
c call testspec
c call testint
c
c load energy grid for angular distributions
ne=xss(jxs(9)+locb-l)
if(ne.gt.6000)then
write(6,*)' EE array and others dimensioned too small'
write(6,*)' NE = ',ne
endif
do 20 i=l,ne
ee(i)=xss(jxs(9)+locb+i-l)
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Ic(i)=xss(jxs(9)+locb+ne+i-1)
20 continue
c load angular distribution data
do 30 i=l,ne
if(lc(i).eq.0)goto 30
do 25 j=1,33
p(i,j)=xss(jxs(9)+lc(i)-l+j-l)
25 continue
30 continue
c write output
write(6,100)
read(5,'(alO)')outp
open(10,file=outp)
write(10,110)hzaid
write(10,115)nes
write(10,190)
write(10,120)
write(10,200) 'Epi
write(10,200) 'Fast
write(10,220)
write(10,210)
write(10,120)
W.S Kiger, III
',tepi,aepi,elepi
',tfast,afast,elfast
do 40 i=l,nes
write(10,130)e(i),sigt(i),siga(i),sigel(i)
40 continue
write(10,140)ne
write(10,150)
do 50 i=l,ne
write(10,160)ee(i)
if(lc(i).eq.0)then
write(10,180)
else
do 45 j=1,33
write(10,170)p(i,j)
continue
endif
continue
close(10)
end
c*** ************* *****
C
crmgxs
crmgxs the following 4 routines are from rmgxs.f
crmgxs with slight modification to readinp
crmgxs
subroutine nxtsym(hs,hd,ir,it,iu)
character hs*(*),hd*(*)
iu=0
it=ir
l=len(hs)
if(ir.gt.l) return
if(index(hd,' ').eq.0) goto 20
do 10 it=ir,l
10 if(hs(it:it).ne.' ') goto 20
return
20 do 30 iu=it,l
30 if(index(hd,hs(iu:iu)).ne.0) goto 40
40 iu=max(it,iu-l)
return
end
c*************************************
This subroutine reads the input file and returns
the zaid right justified in the variable hzaid.
The variable ione is the first non-blank position
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c in hzaid.
c
subroutine readinp(hzaid,ione)
character hzaid*10
integer ione
100 format('Enter the zaid to be read')
write(6,100)
read(5,10)hzaid
c read(*,10) hzaid
10 format(al0)
if(hzaid(l:10).eq.' ') stop
20 if(hzaid(10:10).eq.' ') then
do 30 i=1,9
hzaid(ll-i:ll-i)=hzaid(10-i:10-i)
30 continue
hzaid(1:l)='
goto 20
endif
do 40 i=1,10
if(hzaid(i:i).ne.' ') goto 50
40 continue
50 ione=i
return
end
c
c
c
c This subroutine reads the cross section file and places the cross
c section data in the common block. The routine is passed the file
c name of the cross section file in fname and returns the zaid found
c in the variable hz.
c
subroutine readxsfile(fname,hz)
character fname*10,hz*10,hd*10,hk*70,hm*10
integer ichk,i,k,jl,j2,iux
common /xsdata/ nver3(5),aw(0:16),iz(0:16),nxs(16),jxs(32),
* xss(180000)
c
iux = 10
ichk = 1
c call fexist(fname,ichk)
if(ichk.eq.0) goto 900
if(nver3(1).eq.l) then
open(iux,file=fname,err=900,status='old')
do 110 i=l,nver3(2)-l
read(iux,'(al)')
110 continue
read(iux,120) hz,aw(0),tz,hd,hk,hm,(iz(k),aw(k),k=1,16),
1 (nxs(k),k=1,16),(jxs(k),k=1,32),(xss(k),k=l,nver3(3))
120 format(al0,2el2.0,lx,al0/a70,alO/4(i7,fll.0)/4(i7,fll.0)/
1 4(i7,fll.0)/4(i7,fll.0)/8i9/8i9/8i9/8i9/8i9/8i9/(4e20.O))
else if(nver3(1).eq.2) then
open(iux,file=fname,access='direct',err=900,
1 status='old',recl=nver3(4))
read(iux,rec=nver3(2)) hz,aw(0),tz,hd,hk,hm,
1 (iz(k),aw(k),k=1,16),(nxs(k),k=1,16),(jxs(k),k=l,32)
do 130 i=l,(nver3(3)+nver3(5)-l)/nver3(5)
jl=l+(i-l)*nver3(5)
j2=min(nver3(3),jl+nver3(5)-1)
read(iux,rec=nver3(2)+i) (xss(j),j=jl,j2)
130 continue
endif
close(iux)
return
c Error in opening file
900 continue
write(*,100) fname
100 format(alO,' does not exist')
stop
end
c
c
c
c This subroutine reads the xsdir file searching for the zaid
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c contained in the variable hzaid. ione is the first non-blank
c position in hzaid. The subroutine returns the file name of
c cross section file in fname, and other information about the
c zaid in the nver3 array.
c
subroutine readxsdir(hzaid,ione,fname,nver3)
character hline*80,xtest*10,hzaid*10,fname*10
dimension nver3(5)
ifl = 44
30 continue
iu=0
open(ifl,file='xsdir')
read(ifl,' (a80)',end=50) hline
call nxtsym(hline,' ',iu+l,it,iu)
if(iu.eq.0) goto 30
if(iu-it.ne.10-ione) goto 30
if(hline(it:iu).ne.hzaid(ione:10)) goto 30
call nxtsym(hline,' ',iu+l,it,iu)
call nxtsym(hline,' ',iu+l,it,iu)
xtest='
xtest(l:iu-it+l)=hline(it:iu)
read(xtest,'(bn,al0)') fname
call nxtsym(hline,' ',iu+l,it,iu)
do 120 j=1,5
xtest='
110 call nxtsym(hline,' ',iu+l,it,iu)
if(iu.eq.0) goto 90
if(hline(it:iu).ne.'+') goto 100
iu=0
read(ifl,'(a80)',end=50) hline
goto 110
100 continue
xtest(10-iu+it:10)=hline(it:iu)
read(xtest,'(bz,il0)') nver3(j)
120 continue
90 continue
close (ifl)
return
c Zaid does not exist
50 continue
close (ifl)
write(*,80) hzaid
80 format(al0,' does not exist')
stop
end
c
c
c
c
subroutine spectrum(E,spec,nesl,nes)
c
c The function spectrum returns the values of the neutron spectrum
c function at the energies specified by the energy grid E. The
c neutron spectrum function is the exponential of a tenth order
c polynomial in the natural logarithm of neutron energy. The
c spectrum function is derived from the partial neutron current
c spectrum at incident on the filter/moderator (D20 cooling).
c
implicit none
integer nes,nesl,i,j
real E(nesl),spec(nesl)
double precision b(10),lnE,Eshift,s
c
Eshift = -13.930657585d0
c
b(0) = 2.353253982D+01
b(l) = 5.369860060D-01
b(2) = -6.995397000D-01
b(3) = 4.291609451D-01
b(4) = -1.371450727D-01
b(5) = 2.682113980D-02
b(6) = -3.412946034D-03
b(7) = 2.861946993D-04
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b(8) = -1.533068054D-05
b(9) = 4.757988750D-07
b(10) = -6.494088958D-09
c
do i=l,nes
InE=dlog(dble(E(i))) - Eshift
if (InE .ne. 0.dO) then
s=0.OdO
do j=0,10
s=s + b(j)*(lnE**dfloat(j))
end do
else
s=b(0)
end if
spec(i)=sngl(dexp(s))
end do
do i=nes+l,nesl
spec(i)=0.0e0
end do
c
return
end
c
C***********X************X*****************************************
c
real function intuneq(x,f,nx,ia,ib)
c
c Function IntUneq integrates a tabulated function with unequally
c spaced data using a combination of the trapezoidal rule,
c Simpson's 1/3 rule, and Simpson's 3/8 rule. The function
c integrates f as a function of x (with nx datapoints) from index
c ia to ib. The algorithm is based on pseudocode on p. 501 of
c Steven C. Chapra and Raymond P. Canale, Numerical_Methods_for_
c Engineers, (2nd Ed.), McGraw-Hill, New York, 1988.
c
implicit none
integer nx,j,k,ia,ib
real x(nx),f(nx),int,h,hnext,equal,crit
c
crit = 1.0e-6
int = 0.OeO
h = x(ia+l) - x(ia)
k=l
do j=(ia+l), ib
if (j .it. ib) then
hnext = x(j+l) - x(j)
equal = abs((hnext - h) / h)
else
equal = 1.0
end if
if (equal .it. crit) then
if (k .eq. 3) then
c Simpson's 1/3 Rule
int = int + h/3.e0*(f(j-l)+4.e0*f(j-2)+f(j-3))
k=k-1
else
k=k+ 1
end if
else
if (k .eq. 1) then
c Trapezoidal Rule
int = int + h/2.e0*(f(j) + f(j-l))
else
if (k .eq. 2) then
c Simpson's 1/3 Rule
int = int + h/3.e0*(f(j) + 4.e0*f(j-l) + f(j-2))
else
c Simpson's 3/8 Rule
int = int + 3.e0/8.e0*h*(f(j)
+ + 3.e0*(f(j-l)+f(j-2))+f(j-3))
end if
k= 1
end if
end if
h = hnext
end do
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intuneq = int
c
return
end
c
c
c
subroutine testint
c
c This subroutine tests the IntUneq subroutine using an example
c from Chapra and Canale (p. 500) and a quadratic function.
c
implicit none
integer i
real x(ll),f(ll),int, intuneq, m, b,y(ll)
data x/O.Oe0, 0.12e0, 0.22e0, 0.32e0, 0.36e0, 0.40e0, 0.44e0,
+ 0.54e0, 0.64e0, 0.70e0, 0.80e0/
data f/ 0.20000000e0, 1.30972928e0, 1.30524128e0, 1.74339328e0,
+ 2.07490304e0, 2.45600000e0, 2.84298496e0, 3.50729696e0,
+ 3.18192896e0, 2.36300000e0, 0.23200000e0/
c
write (6,*)
write (6,*) 'Integration testing routine'
int = intuneq(x,f,1l,l,ll)
write (6,*) 'Quintic polynomial'
write (6,*) int
write (6,*)
c
m = l.0e2
b = 2.5e1
do i=1,ll
y(i)=m*x(i)**2+b
end do
c
write (6,*) 'Quadratic polynomial'
int = intuneq(x,y,ll,l,ll)
write (6,*) 'numerical ',int
int = 1.0e0/3.e0*m*(x(11)**3.0-x(1)**3.0)+b*(x(ll)-x(1))
write (6,*) 'analytical',int
write (6,*)
c
return
end
c
c
subroutine testspec
c
c This subroutine tests the spectrum by passing an energy grid
c (with 20 points per decade) to the spectrum subroutine and
c writing the resulting spectrum array to a file for plotting
c and comparison with the original Monte Carlo spectrum.
c
implicit none
integer nes,nesl,i,out,imid
parameter(nesl=293)
real e(nesl),spec(nesl),du,emin,EpiInt,FastInt,IntUneq,u
c
nes=nesl
out=10
Emin=l.e-6
du=log(l.el/l.e-6)/280.e0
imid=161
c The next statement seems to correct the problem of exp(u=0)=0
c that occurs.
u=exp(0.0)
do i=l,nes
u=float(i-l)*du
E(i)=Emin*exp(u)
c write (6,*) i,u,E(i)
spec(i)=0.0
end do
c
write(6, *)
write(6,*) 'Spectrum Test Routine'
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write(6,*) 'There are',nes,' energies'
write(6,*) 'Middle and top energies',e(imid),e(nes)
c
call spectrum(E,spec,nesl,nes)
EpiInt=IntUneq(E,spec,nes,l,imid)
FastInt=IntUneq(E,spec,nes,imid,nes)
write (6,*)
write (6,*) 'Logarithmic Polynomial Spectrum'
write (6,*) 'Epi integral ',Epilnt
write (6,*) 'Fast integral',FastInt
c
do i=l,nes
spec(i)=1.0e0
end do
EpiInt=IntUneq(E,spec,nes,l,imid)
FastInt=IntUneq(E,spec,nes,imid,nes)
write (6,*)
write (6,*) 'Flat Spectrum'
write (6,*) 'Epi integral ',EpiInt
write (6,*) 'Fast integral',FastInt
c
c open(out, file='spect.txt')
c do i=l,nes
c write(out,*) E(i), spec(i)
c end do
c close(out)
c
return
end
c
C***************************************W** *******************
subroutine XSAvg(e,spec,sig,prod,nes,imin,imid,imax,xsepi,xsfast)
c
c The subroutine XSAvg calculates the spectral average of a cross
c section over the energy ranges from 1 eV to 10 keV and from
c 10 keV to 5 MeV. The spectrum integral parameters spepi and
c spfast were calculated in MathCad.
c
implicit none
integer i,imin,imid,imax,nes
real e(nes),spec(nes),sig(nes),prod(nes),xsepi,xsfast,intuneq,
+ spepi,spfast
c
spepi=8.900353e8
spfast=9.298672ell
c
do i=imin,imax
prod(i)=spec(i)*sig(i)
end do
c
c calculate integrals
c spepi =intuneq(e,spec,nes,imin,imid)
xsepi =intuneq(e,prod,nes,imin,imid)/spepi
c
c spfast=intuneq(e,spec,nes,imid,imax)
xsfast=intuneq(e,prod,nes,imid,imax)/spfast
c
return
end
c
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APPENDIX B
Experimental Data from Neutron
Flux Measurements
In this appendix, experimental data from the gold foil measurements of the
neutron flux in the MITR-II thermal column are presented. These measurements were
used in validation of the Monte Carlo model of the MITR-II reactor, which is discussed in
chapter 3. Efficiency calibrations for the HPGe detectors and counting data for foils on
the aluminum gas box, in the thermal column vertical port 12CV1, and in the two rabbits
are given here. Results of Bahadir's flux measurements in 12CV1 are listed as well.'
Finally, masses of the gold foils are given so that they are conveniently available for
future use.
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HPGe Detector MIT3 Efficiency Calibration
with Standard Reference Material 4275C-45
March 29, 1995
Decay Time = 2400 days
Live Time = 1:30:00.00 = 5400 s
Efficiency at 98Au photon energy (411 keV) = 2.97E-03
450
Radionuclide DecayConstant
days 1
125Sb 6.876E-04
154Eu 2.207E-04
155Eu 3.986E-04
Photon Reference TotalEst. Current Net NetRadionuclide Emission Rate . Emission Rate Count Efficiency
Energy Uncertainty Counts
1-Sep-88 29-Mar-95 Rate
keV Y/s %Y/s _Y/S
155Eu 86.5 1.062E+04 0.9 4.080E+03 193739 35.88 8.79E-03
s55Eu 105.3 7.396E+03 1.3 2.841E+03 110812 20.52 7.22E-03
"54Eu 123.1 4.321E+04 0.8 2.544E+04 964745 178.66 7.02E-03
125Sb 176.3 5.162E+03 0.6 9.911E+02 32587 6.03 6.09E-03
154Eu 247.7 7.325E+03 0.6 4.313E+03 108488 20.09 4.66E-03
125Sb 427.9 2.244E+04 0.8 4.309E+03 67876 12.57 2.92E-03
125 Sb 463.4 7.888E+03 0.7 1.515E+03 22219 4.11 2.72E-03
154Eu 591.8 5.242E+03 0.6 3.086E+03 35418 6.56 2.13E-03
125Sb 600.6 1.333E+04 0.7 2.559E+03 29542 5.47 2.14E-03
125Sb 635.9 8.518E+03 0.6 1.635E+03 18088 3.35 2.05E-03
154Eu 873.2 1.291E+04 0.7 7.601E+03 62930 11.65 1.53E-03
154 Eu 996.3 1.105E+04 0.9 6.506E+03 48778 9.03 1.39E-03
154Eu 1004.7 1.917E+04 0.7 1.129E+04 83690 15.50 1.37E-03
154Eu 1274.5 3.694E+04 0.5 2.175E+04 132733 24.58 1.13E-03
154Eu 1596.4 1.878E+03 0.7 1.106E+03 5801 1.07 9.72E-04
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Figure B.46 HPGe Detector MIT3 Efficiency Calibration with Standard Reference
Material 4275C-45 on March 29, 1995.
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HPGe Detector MIT4 Efficiency Calibration
with Standard Reference Material 4275C-45
March 29, 1995
Decay Time =2400 days
Live Time = 1:08:54.82 = 4133.82 s
Efficiency at 198Au photon energy (411 keV) = 2.74E-03
452
Decay
Radionuclide Constant
days-
125Sb 6.876E-04
154Eu 2.207E-04155Eu 3.986E-04
Photon Reference Current Net
Radionuclide Emission Rate Total Est. Emission Rate Count EfficiencyEnergy Uncertainty Counts1-Sep-88 29-Mar-95 Rate
keV y/s % y/s y/s
155Eu 86.5 1.062E+04 0.9 4.080E+03 98256 23.77 5.83E-03
155Eu 105.3 7.396E+03 1.3 2.841E+03 70215 16.99 5.98E-03
154 Eu 123.1 4.321E+04 0.8 2.544E+04 639220 154.63 6.08E-03
125Sb 176.3 5.162E+03 0.6 9.911E+02 22249 5.38 5.43E-03
154Eu 247.7 7.325E+03 0.6 4.313E+03 75741 18.32 4.25E-03
125Sb 427.9 2.244E+04 0.8 4.309E+03 48016 11.62 2.70E-03
125Sb 463.4 7.888E+03 0.7 1.515E+03 15582 3.77 2.49E-03
154Eu 591.8 5.242E+03 0.6 3.086E+03 25098 6.07 1.97E-03
125 Sb 600.6 1.333E+04 0.7 2.559E+03 21508 5.20 2.03E-03125Sb 635.9 8.518E+03 0.6 1.635E+03 12978 3.14 1.92E-03
154Eu 723.3 2.127E+04 0.6 1.252E+04 87621 21.20 1.69E-03
154Eu 873.2 1.291E+04 0.7 7.601E+03 45342 10.97 1.44E-03
154Eu 996.3 1.105E+04 0.9 6.506E+03 35818 8.66 1.33E-03
154Eu 1004.7 1.917E+04 0.7 1.129E+04 61292 14.83 1.31E-03
154 Eu 1274.5 3.694E+04 0.5 2.175E+04 96946 23.45 1.08E-03
154Eu 1596.4 1.878E+03 0.7 1.106E+03 4074 0.99 8.91E-04
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Figure B.47 HPGe Detector M1T4 Efficiency Calibration with Standard Reference
Material 4275C-45 on March 29, 1995.
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HPGe Detector MIT4 Efficiency Calibration
with Standard Reference Material 4275C-45
April 24, 1995
Decay Time = 2426 days
Live Time = 2:00:00.00 = 7200 s
Efficiency at 198Au photon energy (411 keV) = 1.02E-03
454
Decay
Radionuclide Constant
days'
12sSb 6.876E-04
154Eu 2.207E-04
155Eu 3.986E-04
RadionuclidePhoton Refere ce Total Est. Current Emission Net NetRadionuclide Emission Rate Rate 29-Mar-95 Count EfficiencyEnergy Uncertainty Counts1-Sep-88 Rate
keV 7/s % Y/s Y/s
Eu 86.5 1.062E+04 0.9 4.038E+03 60824 8.45 2.09E-03
155Eu 105.3 7.396E+03 1.3 2.812E+03 41056 5.70 2.03E-03
154Eu 123.1 4.321E+04 0.8 2.530E+04 393916 54.71 2.16E-03
125Sb 176.3 5.162E+03 0.6 9.736E+02 13629 1.89 1.94E-03
154 Eu 247.7 7.325E+03 0.6 4.288E+03 48409 6.72 1.57E-03
125Sb 427.9 2.244E+04 0.8 4.232E+03 30114 4.18 9.88E-04
125Sb 463.4 7.888E+03 0.7 1.488E+03 10176 1.41 9.50E-04
154Eu 591.8 5.242E+03 0.6 3.069E+03 16859 2.34 7.63E-04
125Sb 600.6 1.333E+04 0.7 2.514E+03 13837 1.92 7.64E-04
125Sb 635.9 8.518E+03 0.6 1.607E+03 8294 1.15 7.17E-04
154 Eu 723.3 2.127E+04 0.6 1.245E+04 57097 7.93 6.37E-04
154Eu 873.2 1.291E+04 0.7 7.558E+03 29728 4.13 5.46E-04
154Eu 996.3 1.105E+04 0.9 6.469E+03 22897 3.18 4.92E-04
154Eu 1004.7 1.917E+04 0.7 1.122E+04 39757 5.52 4.92E-04
154 Eu 1274.5 3.694E+04 0.5 2.163E+04 62903 8.74 4.04E-04
154Eu 1596.4 1.878E+03 0.7 1.099E+03 2674 0.37 3.38E-04
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Figure B.48 HPGe Detector MIT4 Efficiency Calibration with Standard Reference
Material 4275C-45 on April 24, 1995.
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12CV1 Flux Measurements
FCd 1.02
Reactor Power (MWn) 0.050
Au Half-life (days) 2.696
Au Decay Constant (hours-') 0.0107
Au Photon Abundance 0.955
Au Absorption Cross Section (b) 98.8
Au Atomic Mass 197.968
Weighing Error 3%
Avagadro's Number 6.02E+23
Detector Efficiency
MIT 3 2.97E-03
MIT 4 2.74E-03
Au photon self absorption 0.989
Au Irradiation: Start 3/27/95 18:56
Stop 3/27/95 20:56
Time (hours) 2.00
Reference Time 3/27/95 18:56
All foils from 12CV1 were counted for 2 minutes. The relative standard deviation of the flux including
error in the power normalization is -7.8% for all foils.
Foil Position Mass Det. Counting Decay Count Rate Error Corr. Specific Flux at Full Rel Std Dev
Time Time Activity Power w/o P.Norm
No. cm mg Hours cps % Bq/g n/cm2s
81 53.15 7.01 4 13:38:49 42.71 4.34E+01 1.4 3.78E+06 6.2E+10 3.3%
82 43.15 7.34 4 13:05:45 42.16 7.39E+01 1.1 6.11E+06 1.OE+11 3.2%
83 33.15 7.36 4 13:33:46 42.63 1.19E+02 0.8 9.86E+06 1.6E+11 3.1%
84 23.15 7.37 4 12:57:34 42.03 1.81E+02 0.7 1.49E+07 2.5E+11 3.1%
86 13.15 8.20 4 12:46:54 41.85 3.00E+02 0.5 2.21E+07 3.7E+11 3.0%
87 3.15 8.95 3 14:06:20 43.17 4.79E+02 0.4 3.03E+07 5.0E+11 3.0%
88 -6.85 9.02 4 11:48:43 40.88 5.76E+02 0.4 3.82E+07 6.3E+11 3.0%
89 -16.85 9.14 3 14:00:43 43.08 6.45E+02 0.4 3.99E+07 6.6E+11 3.0%
100 -26.85 7.13 4 13:29:57 42.57 5.20E+02 0.4 4.45E+07 7.3E+11 3.0%
101 -36.85 7.48 4 12:41:38 41.76 5.46E+02 0.4 4.41E+07 7.3E+11 3.0%
20 -41.85 6.27 4 13:55:38 42.99 4.59E+02 0.4 4.48E+07 7.4E+11 3.0%
3 -44.35 4.81 4 13:09:42 42.23 3.36E+02 0.5 4.24E+07 7.0E+11 3.0%
102 -46.85 7.63 4 13:13:51 42.30 5.42E+02 0.4 4.32E+07 7.1E+11 3.0%
108 -49.35 9.01 4 14:12:58 43.28 6.17E+02 0.4 4.21E+07 6.9E+11 3.0%
109 -51.85 9.05 4 13:44:27 42.81 6.25E+02 0.4 4.22E+07 7.0E+11 3.0%
2 -54.35 5.43 4 12:52:04 41.93 3.70E+02 0.5 4.13E+07 6.8E+11 3.0%
103 -56.85 8.00 4 13:26:02 42.50 5.34E+02 0.4 4.07E+07 6.7E+11 3.0%
4 -59.35 6.35 3 13:59:42 43.06 4.28E+02 0.4 3.81E+07 6.3E+11 3.0%
5 -61.85 5.21 4 13:01:30 42.09 3.43E+02 0.5 3.99E+07 6.6E+11 3.0%
18 -64.35 7.01 4 13:17:57 42.37 4.52E+02 0.4 3.92E+07 6.5E+11 3.0%
104 -66.85 8.07 4 14:05:34 43.16 5.03E+02 0.4 3.82E+07 6.3E+11 3.0%
105 -76.85 8.22 4 13:22:14 42.44 4.86E+02 0.4 3.60E+07 5.9E+11 3.0%
106 -86.85 8.60 4 14:09:12 43.22 4.88E+02 0.4 3.48E+07 5.8E+11 3.0%
107 -88.9 8.79 3 14:13:25 43.29 5.23E+02 0.4 3.37E+07 5.6E+11 3.0%
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Appendix B: Experimental Data
Aluminum Gas Box Flux Measurements
FCd 1.02
Reactor Power (MWn) 0.050
Au Half-life (days) 2.696
Au Decay Constant (hours' ) 0.0107
Au Photon Abundance 0.955
Au Absorption Cross Section (b) 98.8
Au Atomic Mass 197.968
Weighing Error 3%
Avagadro's Number 6.02E+23
Detector Efficiency
MIT 3 2.97E-03
MIT 4 2.74E-03
Au photon self absorption 0.989
Au Irradiation: Start 3/27/95 18:56
Stop 3/27/95 20:56
Time (hours) 2.000
Reference Time 3/27/95 18:56
The relative standard deviation of the flux including error in the power normalization is -7.8% for all foils except
numbers 91 and 92, which are 8.1 and 8.4%. Most foils from the gas box area were counted for 2 minutes.
,- - Corr. Rel Std DevCounting Decay Co FluxatFull eSdD
Foil y z Mass Det. Time Time Count Rate Error Spe c Fluxat Full w/o P.Nor
_Activity Power
No. cm cm mg Hours cps % Bq/g n/cm2s %
1 0 40 3.54 4 14:41:45 43.76 4.09E+02 0.5 7.13E+07 1.18E+12 3.0%
2 0 35 4.14 3 16:04:55 45.15 5.21E+02 0.4 7.27E+07 1.20E+12 3.0%
3 0 30 4.42 4 17:03:22 46.12 5.32E+02 0.4 7.62E+07 1.26E+12 3.0%
4 0 25 4.00 4 16:03:58 45.13 4.45E+02 0.4 6.97E+07 1.15E+12 3.0%
5 0 21 4.45 3 17:09:39 46.23 5.00E+02 0.4 6.57E+07 1.08E+12 3.0%
6 0 18 4.26 4 14:31:01 43.58 4.52E+02 0.4 6.54E+07 1.08E+12 3.0%
7 0 15 3.99 4 15:07:33 44.19 4.15E+02 0.5 6.45E+07 1.07E+12 3.0%
8 0 12 4.38 3 15:17:40 44.36 4.75E+02 0.4 6.21E+07 1.03E+12 3.0%
9 0 9 4.37 3 15:35:11 44.65 4.66E+02 0.4 6.13E+07 1.01E+12 3.0%
13 0 6 3.85 4 16:56:42 46.01 3.73E+02 0.5 6.13E+07 1.01E+12 3.0%
87 0 3 4.67 4 16:51:26 45.92 4.24E+02 0.5 5.74E+07 9.47E+11 3.0%
12 0 0 4.45 3 15:32:09 44.60 4.35E+02 0.4 5.61E+07 9.27E+11 3.0%
14 0 -3 4.12 4 14:18:05 43.37 3.84E+02 0.5 5.73E+07 9.46E+11 3.0%
15 0 -6 3.90 3 16:47:02 45.85 3.63E+02 0.5 5.42E+07 8.95E+11 3.0%
16 0 -9 4.05 3 16:40:59 45.75 3.79E+02 0.5 5.44E+07 8.99E+11 3.0%
17 0 -12 4.03 4 16:06:45 45.18 3.89E+02 0.5 6.05E+07 9.99E+11 3.0%
18 0 -15 3.98 4 15:17:30 44.36 4.08E+02 0.5 6.37E+07 1.05E+12 3.0%
19 0 -18 3.87 4 16:45:52 45.83 3.92E+02 0.5 6.39E+07 1.06E+12 3.0%
20 0 -21 4.30 3 15:09:47 44.23 4.56E+02 0.4 6.07E+07 1.00E+12 3.0%
21 0 -25 4.35 3 15:12:34 44.28 4.40E+02 0.4 5.79E+07 9.56E+11 3.0%
82 0 -30 6.69 4 15:44:22 44.81 5.84E+02 0.4 5.45E+07 9.00E+ 11 3.0%
22 -30 9 4.27 4 15:26:48 44.51 4.56E+02 0.4 6.65E+07 1.1OE+12 3.0%
23 -25 9 3.70 4 16:01:17 45.09 3.95E+02 0.5 6.68E+07 1.1OE+12 3.0%
24 -21 9 3.84 4 16:48:40 45.88 4.17E+02 0.5 6.86E+07 1.13E+12 3.0%
25 -18 9 3.74 4 16:15:41 45.33 3.87E+02 0.5 6.50E+07 1.07E+12 3.0%
26 -15 9 3.92 3 14:23:36 43.46 3.32E+02 0.5 4.81E+07 7.94E+11 3.0%
27 -12 9 4.13 3 15:28:39 44.54 4.42E+02 0.4 6.14E+07 1.01E+12 3.0%
28 -9 9 4.07 3 14:20:39 43.41 4.24E+02 0.5 5.91E+07 9.76E+11 3.0%
29 -6 9 3.85 3 16:58:02 46.03 3.73E+02 0.5 5.65E+07 9.33E+1 1 3.0%
30 -3 9 4.18 3 17:12:24 46.27 4.26E+02 0.5 5.96E+07 9.84E+11 3.0%
31 3 9 4.04 3 14:17:11 43.35 4.24E+02 0.5 5.95E+07 9.82E+11 3.0%
32 6 9 3.81 3 15:44:27 44.81 3.93E+02 0.5 5.94E+07 9.81E+11 3.0%
34 12 9 4.42 4 16:18:24 45.37 4.19E+02 0.5 5.95E+07 9.83E+11 3.0%
35 15 9 4.39 4 16:54:06 45.97 4.22E+02 0.5 6.08E+07 1.00E+12 3.0%
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W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Neutron Beam for Neutron Capture Therapy
Foil
No.
y
cm
21
25
30
-50
-45
-40
-35
-30
-25
-21
-18
-15
-12
-9
-6
-3
3
6
9
15
18
21
25
30
35
40
-30
-25
-21
-18
-12
-9
-6
-3
3
6
9
12
15
18
21
25
30
-18
18
-18
18
-9
9
z
cm
Mass
mg
3.75
6.63
4.05
4.38
4.36
3.67
3.76
4.15
3.75
4.19
3.94
3.84
3.83
4.25
3.68
4.25
4.27
4.04
4.41
3.91
14.07
8.32
9.92
11.90
4.75
7.25
5.08
8.79
7.81
7.58
7.50
7.10
6.06
5.61
5.25
6.68
7.31
8.26
7.86
6.89
5.88
6.09
9.10
6.91
4.68
5.61
6.14
5.67
6.63
6.20
Det. CountingTime
15:04:10
14:55:54
15:07:00
17:01:19
15:56:00
16:12:56
16:34:09
16:34:13
16:55:06
17:00:21
16:21:02
15:50:38
16:52:27
15:47:44
15:58:37
14:46:45
16:49:39
15:36:39
14:27:36
14:24:23
15:38:30
17:11:17
17:04:07
15:25:22
14:59:38
16:02:06
15:53:40
16:40:24
16:43:09
15:50:20
14:38:01
14:51:27
16:37:33
16:44:02
17:06:02
14:27:55
17:06:57
15:47:14
14:31:43
16:07:52
16:23:59
15:03:30
15:59:15
16:10:41
15:30:00
17:08:38
15:33:44
16:14:28
15:53:26
16:27:33
Decay
Time
Hours
44.14
44.00
44.18
46.09
45.00
45.28
45.64
45.64
45.98
46.07
45.42
44.91
45.94
44.86
45.04
43.85
45.89
44.68
43.53
43.47
44.71
46.25
46.14
44.49
44.06
45.10
44.96
45.74
45.79
44.91
43.70
43.92
45.69
45.80
46.17
43.53
46.18
44.85
43.60
45.20
45.47
44.12
45.05
45.24
44.57
46.21
44.63
45.31
44.96
45.53
Count Rate
cps
3.95E+02
7.02E+02
4.77E+02
3.99E+02
3.81E+02
3.72E+02
3.92E+02
4.68E+02
4.35E+02
4.44E+02
4.34E+02
4.30E+02
3.99E+02
4.41E+02
3.49E+02
3.90E+02
4.14E+02
3.70E+02
4.15E+02
3.54E+02
1.25E+03
7.61E+02
1.04E+03
1.29E+03
4.91E+02
7.75E+02
5.13E+02
8.21E+02
7.45E+02
7.08E+02
6.42E+02
6.05E+02
5.37E+02
5.00E+02
4.46E+02
6.23E+02
6.69E+02
6.86E+02
6.52E+02
5.70E+02
4.25E+02
6.43E+02
9.62E+02
8.13E+02
5.09E+02
4.64E+02
5.16E+02
4.00E+00
8.71E+00
6.09E+02
Error
%
Corr.
Specific
Activity
Bq/g
6.53E+07
6.55E+07
6.73E+07
5.32E+07
5.47E+07
6.36E+07
6.57E+07
6.55E+07
6.76E+07
6.71E+07
6.92E+07
6.45E+07
6.07E+07
5.98E+07
5.94E+07
5.67E+07
5.65E+07
5.71E+07
5.79E+07
5.57E+07
5.11E+07
5.80E+07
6.12E+07
6.22E+07
6.40E+07
6.17E+07
5.82E+07
5.89E+07
6.02E+07
5.84E+07
5.28E+07
5.27E+07
5.15E+07
5.18E+07
5.38E+07
5.30E+07
5.35E+07
5.19E+07
4.71E+07
4.78E+07
4.54E+07
6.03E+07
6.10E+07
6.80E+07
6.77E+07
5.24E+07
5.24E+07
4.08E+05
8.21E+05
5.70E+07
Flux at
Full Power
n/cm2s
1.08E+12
1.08E+12
1.11E+12
8.78E+11
9.03E+11
1.05E+12
1.08E+12
1.08E+12
1.12E+12
1.11E+12
1.14E+12
1.07E+12
1.00E+12
9.87E+11
9.80E+11
9.36E+ 11
9.32E+11
9.43E+ 11
9.57E+11
9.20E+11
8.44E+11
9.58E+11
1.01E+12
1.03E+12
1.06E+12
1.02E+12
9.62E+ 11
9.73E+11
9.94E+11
9.64E+11
8.72E+11
8.70E+11
8.50E+11
8.56E+11
8.89E+11
8.75E+11
8.83E+11
8.57E+11
7.78E+11
7.90E+11
7.51E+11
9.96E+11
1.01E+12
1.12E+12
1.12E+12
8.66E+11
8.65E+11
6.74E+09
1.36E+10
9.41E+11
Rel Std
Dev w/o
P.Norm
%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.8%
4.4%
3.0%
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Appendix B: Experimental Data
Low Power Rabbit Flux Measurements
FCd 1.02
Reactor Power (MWn) 0.050
Au Half-life (days) 2.696
Au Decay Constant (hours- ) 0.0107
Au Photon Abundance 0.955
Au Absorption Cross Section (b) 98.8
Au Atomic Mass 197.968
Avagadro's Number 6.02E+23
Detector Efficiency
MIT 3 2.97E-03
MIT 4 2.74E-03
Au photon self absorption 0.989
Au Irradiation: Start 3/27/95 18:56
Stop 3/27/95 20:56
Time (hours) 2.00
Reference Time 3/27/95 18:56
Foils 94 and 95 were counted for 2 minutes.
The rest were counted for 1 minute.
Corr.Decay Flux atFoil Mass Det. Time Time Count Rate Error Specific Std DevTime PowerActivity
No. mg Hours cps % Bq/g n/cm2s n/cm2s
94 6.81 3 17:15:33 46.33 4.62E+03 0.1 3.97E+08 1.32E+09 1.3E+06
95 7.32 4 17:14:07 46.30 4.50E+03 0.2 3.90E+08 1.30E+09 2.6E+06
96 5.47 4 17:19:19 46.39 3.77E+03 0.2 4.38E+08 1.46E+09 2.9E+06
97 6.80 3 17:22:09 46.44 4.63E+03 0.2 3.99E+08 1.33E+09 2.7E+06
98 6.14 3 17:19:21 46.39 4.47E+03 0.2 4.26E+08 1.42E+09 2.8E+06
99 4.63 4 17:22:11 46.44 3.31E+03 0.2 4.54E+08 1.51E+09 3.0E+06
The specific activity is corrected for decay to the beginning of irradiation. However, using the rabbit
normalization method it only matters that all low power measurements are corrected to the same time.
Average specific activity AR( t ) 4.17+0.26 x 108 Bq/g (6.2% relative error)
n/cm2s(6.2%relativeerror)
Average flux = 1.39+0.086 x 109n ncm2s (6.2% relative error)
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W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Neutron Beam for Neutron Capture Therapy
Full Power Rabbit Flux Measurements
FCd 1.02
Reactor Power (MWn) 4.7
Au Half-life (days) 2.696
Au Decay Constant (hours-') 0.0107
Au Photon Abundance 0.955
Au Absorption Cross Section (b) 98.8
Au Atomic Mass 197.968
Avagadro's Number 6.02E+23
Detector Efficiency
MIT 3 NA
MIT 4 1.02E-03
Au photon self absorption 0.989
Au Irradiation: Start 4/21/95 15:59
Stop 4/21/95 16:01
Time (hours) 0.03
The foils from the rabbit irradiated at full power were counted on 4/24/95. All foils were counted for I
minute.
Foil Mass Det. Counting Decay Count Rate Error Flux at Full Std Dev
Time Time Power
No. mg hours cps % n/cm2s n/cmIs
112 6.58 4 15:30:22 71.52 2.03E+03 0.3 6.36E+12 1.9E+10
113 6.77 4 15:33:26 71.57 2.13E+03 0.3 6.49E+12 1.9E+10
114 6.83 4 15:35:43 71.61 2.08E+03 0.3 6.28E+12 1.9E+10
115 6.84 4 15:37:26 71.64 2.12E+03 0.3 6.40E+12 1.9E+10
38 3.76 4 15:39:48 71.68 1.25E+03 0.4 6.86E+12 2.7E+10
Average neutron flux = D R = 6.48±0.23 x 1012 nlcm 2s (3.5% relative error)
Desired Power: 5.0 MW
Actual Power: 4.7 MW
Power Correction Factor: 1.06
Full Power Normalization Factor = R = 1.65±0.13 x 104 (n/cm2s)/(Bq/g)
AR(t 2 )/Mr
(7.1% relative error)
(Includes correction from 4.7 to 5.0 MW.)
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Appendix B: Experimental Data
Flux data from T. Bahadir's gold foil
measurements in 12CV1 on November 16, 1993.'
Height above
TC Floor
cm
81
105
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
104
8
7
6
5
4
3
2
1
59
85
106
102
118
Height Relative
to Core CL
cm
55.5
54.0
52.5
51.0
49.5
48.0
46.5
45.0
43.5
42.0
40.5
39.0
37.5
36.0
34.5
33.0
31.5
30.0
28.5
27.0
25.5
24.0
22.5
21.0
19.5
18.0
16.8
15.5
14.3
13.0
11.8
10.5
9.0
7.5
6.0
4.5
3.0
2.0
1.0
0.0
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Foil
No.
51.03
47.22
43.41
39.60
35.79
31.98
28.17
24.36
20.55
16.74
12.93
9.12
5.31
1.50
-2.31
-6.12
-9.93
-13.74
-17.55
-21.36
-25.17
-28.98
-32.79
-36.60
-40.41
-44.22
-47.40
-50.57
-53.75
-56.92
-60.10
-63.27
-67.08
-70.89
-74.70
-78.51
-82.32
-84.86
-87.40
-89.94
Flux at
5 MW
n/cm2s
8.03E+10
8.92E+ 10
1.10E+11
1.39E+11
1.71E+11
1.87E+11
2.16E+11
2.51E+11
2.91E+11
3.37E+11
3.91E+11
4.59E+11
5.13E+11
5.63E+11
6.00E+11
6.51E+11
6.92E+11
7.16E+11I
7.46E+11
7.35E+11
7.57E+11
7.73E+11
7.82E+11
7.72E+11
7.93E+11
7.81E+11
7.08E+11
7.33E+11
7.57E+11
7.68E+11
7.73E+11
7.53E+11
7.65E+11
7.52E+11
7.45E+11
7.18E+11
6.73E+11
6.67E+11
6.73E+ 11
6.47E+11
Std
Dev
n/cm2 s
1.7E+09
1.7E+09
2.2E+09
2.8E+09
3.3E+09
3.6E+09
4.1E+09
4.6E+09
5.4E+09
6.1E+09
7.0E+09
8.0E+09
9.0E+09
9.7E+09
1.OE+10
1.1E+10
1.2E+10
1.2E+10
1.3E+10
1.3E+10
1.3E+10
1.3E+10
1.3E+10
1.3E+10
1.4E+10
1.3E+10
1.2E+10
1.3E+10
1.3E+10
1.3E+10
1.3E+10
1.3E+10
1.3E+10
1.3E+10
1.3E+10
1.2E+10
1.1E+10
1.1E+10
1.1E+10
1.1E+10Aý
W.S. Kiger, III
Neutronic Design of a Fission Converter-Based Epithermal Neutron Beam for Neutron Capture Therapy
Masses of gold foils prepared by W. S. Kiger and K. J. Riley on 3/22/95 for thermal
column flux measurements. The foils were
Chemistry Lab and packaged in polyethylene.
Foil
No.
Mass
mg
3.54
4.14
4.42
4.00
4.45
4.26
3.99
4.38
4.37
3.85
3.84
4.45
3.85
4.12
3.90
4.05
4.03
3.98
3.87
4.30
4.35
4.27
3.70
3.84
3.74
3.92
4.13
4.07
3.85
4.18
4.04
3.81
4.39
4.42
Foil
No.
Mass
mg
4.39
3.96
3.75
3.76
4.05
4.38
4.36
3.67
3.76
4.15
3.75
4.19
3.94
3.84
3.83
4.25
3.68
4.25
4.27
4.04
4.41
4.14
3.91
14.07
8.32
9.92
11.90
4.75
7.25
5.08
8.79
7.81
7.58
10.26
carefully weighed in the Environmental
Foil
No.
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
Mass
mg
7.50
7.10
6.06
5.61
5.25
6.68
7.31
8.26
7.86
6.89
5.88
6.09
9.10
6.69
6.91
4.68
5.61
6.14
4.67
6.63
6.54
6.20
5.67
6.63
7.36
6.81
7.32
5.47
6.80
6.14
4.63
8.19
9.28
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Appendix B: Experimental Data
Masses of foils prepared by either Rogus or Solares. These foils are wrapped in mylar
tape rather than packaged in polyethylene bags.
Foil
No.
81
82
83
84
85
86
87
88
89
100
101
102
103
104
105
106
107
108
109
112
113
114
115
Mass
mg
7.01
7.34
7.36
7.37
7.44
8.20
8.95
9.02
9.14
7.13
7.48
7.63
8.00
8.07
8.22
8.60
8.79
9.01
9.05
6.58
6.77
6.83
6.84
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APPENDIX C
CITATION Calculations
of Fission Converter
Reactivity Worth
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April 18, 1996
Memorandum
To: J. Bernard
From: T. Newton
Subject: Fission Converter Plate Citation Runs
I modified our citation input file to include a simplistic model
converter facility in the thermal column region with and without fuel.
these runs show the reactivity worth to be 0.00257% AK/K (3 mf).
number should be viewed with some skepticism because of the following
the model:
of the fission
The results of
However, this
inaccuracies in
1. The fuel assemblies are modeled as an annular region at the
proposed location, centered around the core (conservative).
2. the aluminum window is homogenized (in six zones) aluminum,
graphite, and vacuum (non-conservative).
3. the aluminum window is modeled 1.4 cm below its actual position
(non-conservative).
4. the fuel is modeled to be 1.51 cm longer than actual (conservative).
5. the fuel extends to an azimuthal length of equivalent to about 13
fuel elements (conservative).
6. aluminum and fuel cross-sections are taken from in-core or near
core structures (probably non-conservative).
As you are aware, removal of these inaccuracies would require major modification of our
input files as well as regenerating cross-section and recompiling the code. I would also
appreciate your reviewing my model to see if I left anything out.
TN/gw
cc: O. Harling
L-W. Hu
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APPENDIX D
M67 Beam RBE Calculation
The RBE of the M67 beam fast neutron dose has been estimated by folding the
calculated flux spectrum of the epithermal neutron beam with the fast neutron RBE as a
function of energy. With this method, the RBE of the M67 fast neutron dose in brain
tissue was estimated at 3.99-±0.07 for 4 fraction irradiations and at 3.06+0.05 for a single
fraction irradiation. A discussion of this calculation is provided below.
The MCNP input decks used by E.L. Redmond II to characterize the medical
beam neutron current spectruml' 2 were modified to include neutron flux tallies with the
energy group structure used for RBE(E) in Reference 3. The surface flux tallies were
made at the patient position and were averaged over the delimited beam. The Monte
Carlo simulations of the beam yielded standard deviations on the order of 5% for most
energy groups with a total flux standard deviation of approximately 1%.
The average RBE is defined by
J'RBE(E)4(E)dE
RBE = EdE(D.1)
~f"(E)dE
where the integral is over the energy range of interest, in this case from 5 keV to 5 MeV.
By defining a normalized spectrum function
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(D(E)= (D.2)
, IO(E)dE
we obtain
RBE= RBE(E)O(E)dE (D.3)
Discretization of the integral to match the six energy groups of the RBE function yields
RBE = RBEiD, (D.4)
i=l
which is the form employed in the calculation.
The fast neutron RBE in brain tissue for 1 and 4 dose fractions determined by
Alpen is listed below with the normalized M67 flux spectrum in Table D.1. Figure D.1
shows these RBE's and the normalized flux spectrum as functions of energy. The neutron
energy group above 5 MeV is excluded from the calculation without consequence
because the flux of this energy group is much lower than those below it. Also, no RBE is
available for this energy group. It is interesting to note that the RBE for four dose
fractions is lower than the RBE for a single dose fraction at all neutron energies. The
RBE's are discussed in Reference 3 and are derived from human subject, animal, and cell
data.
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Appendix D: M67 Beam RBE Calculation
Table D.1 Neutron RBE(E) for single- and four-fraction irradiations from Reference
3 and (D(E) calculated for the MIT M67 Medical Beam.
Energy RBE(E) RBE(E) Normalized Neutron Flux
[MeV] 1 Fraction 4 Fractions D(E)
0.005 to 0.050 3.5 4.5 0.54 ± 0.01
0.050 to 0.10 3.5 4.2 0.115 + 0.005
0.10 to 0.20 3.5 4.2 0.058 + 0.004
0.20 to 0.50 2.5 3.5 0.114 + 0.005
0.50 to 1.0 1.8 2.6 0.100 ± 0.005
1.0 to 5.0 1.5 2.5 0.078 + 0.005
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10-2 10-1 100
5.0
4.0
3.0
2.0
1.0
0.0
101
Energy [MeV]
Neutron RBE(E) for single- and four-fraction irradiations from Reference
3 and D(E) calculated for the MIT M67 Medical Beam.
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